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Fore^vord 




IHE rapid evolution of constructive methods in recent 
;. years, as illustrated in the use of steel and concrete, 
k' and the increased size and complexity of buildings, 
has created the necessity for an authority which shall 
embody accumulated experience and approved practice along a 
variety of correlated lines. The Cyclopedia of Architecture^ 
Carpentry, and Building is designed to fill this acknowledged 
need. 

C There is no industry that compares with Building in the 
close interdependence of its subsidiary trades. The Architect, 
for example, who knows nothing of Steel or Concrete con- 
struction is to-day as much out of place on important work 
as the Contractor who cannot make intelligent estimates, or who 
understands nothing of his legal rights and responsibilities. A 
carpenter must now know something of Masonry, Electric Wiring, 
and, in fact, all other trades employed in the erection of a build- 
ing ; and the same is true of all the craftsmen whose handiwork 
will enter into the completed structure. 

C Neither pains nor expense have been spared to make the 
present work the most comprehensive and authoritative on the 
subject of Building and its allied industries. The aim has been, 
not merely to create a work which will appeal to the trained 



expert, but one that will commend itself also to the beginner 
and the self-taught, practical man by giving him a working 
knowledge of the principles and methods, not only of his own 
particular trade, but of all other branches of the Building Indus- 
try as well. The various sections have been prepared especially 
for home study, each written by an acknowledged authority on 
the subject. The arrangement of matter is such as to carry the 
student forward by easy stages. Series of review questions are 
inserted in each volume, enabling the reader to test his knowl- 
edge and make it a permanent possession. The illustrations have 
been selected with unusual care to elucidate the text. 

<L The work will be found to cover many important topics on 
which little information has heretofore been available. This is 
especially apparent in such sections as those on Steel, Concrete, 
and Eeinforced Concrete Construction; Building Superintendence; 
Estimating; Contracts and Specifications, including the princi- 
ples and methods of awarding and executing Government con- 
tracts; and Building Law. 

•L The method adopted in the preparation of the work is that 
which the American School of Correspondence has developed 
and employed so successfully for many years. It is not an 
experiment, but has stood the severest of all tests — that of prac- 
tical use — which has demonstrated it to be the best method 
yet devised for the education of the busy working man. 

C, In conclusion, grateful acknowledgment is due the staff of 
authors and collaborators, without whose hearty co-operation 
this work would have been impossible. 
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SIMPLE STRESS. 

I. Stress. When forces are applied to a body they tend in a 
greater or less degi-ee to break it. Preventing or tending to pre- 
vent the rupture, there arise, generally, forces between every two 
adjacent parts of the body. Thus, when a 
load is suspended by means of an iron rod, 
the rod is subjected to a downward pull at 
its lower end and to an upward pull at its 
upper end, and these two forces tend to pull 
it apart. At any cross-section of the rod 
the iron on either side ''holds fast" to that on 
the other, and these forces which the parts 
of the rod exert upon each other prevent 
the tearing of the rod. For example, in Fig. 
1, let a represent the rod and its suspended 
load, 1,000 pounds; then the pull on the 
lower end equals 1,000 pounds. If we neg- 
lect the weight of the rod, the pull on the 
upper end is also 1,000 pounds, as shown in 
Fig. 1 (5) ; and the upper part A exerts 
on the lower part B an upward pull Q equal 
to 1,000 pounds, while the lower part exerts 
on the upper a force P also equal to 1,000 pounds. These two 
forces, P and Q, prevent rupture of the rod at the "section" C; at 
any other section there are two forces like P and Q preventing 
rupture at that section. 

By stress at a sertioji of a body is meant the force which the 
part of the body on either side of the section exerts on the other. 
Thus, the stress at the section C (Fig. 1) is P (or Q), and it equals 
1,000 pounds. 

a. Stresses are usually expressed (in America) in pounds, 
sometimes in tons. Thus the stress "P in the preceding article ia 



^ 
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Fig. 1. 
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1,000 pounds, or J ton. Notice that this value has nothing to do 
with the size of the cross-section on which the stress acts. 

3. Kinds of Stress, (a) When the forces acting on a body 
(as a rope or rod) are such that they tend to tear it, the stress at 
any cross-section is called a tension or a tensile stress. The 
stresses P and Q, of Fig. 1, are tensile stresses. Stretched ropes, 
loaded "tie rods" of roofs and bridges, etc., are under tensile stress. 

(b.) When the forces acting on a body (as a short post, brick, 

etc.) are such that they tend to 




JL 
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Fig. 2. 




crush it, the stress at any sec- 
tion at right angles to the di- 
rection of the crushing forces is 
called a pressure or a compres- 
sive stress. Fig. 2 (a) repre- 
sents a loaded post, and Fig. 2 
(J) the upper and lower parts. 
The upper part presses down on 
B, and the lower part presses up 
on A, as shown. P or Q is 
the compressive stress in the 
post at section C. Loaded posts, 
or struts, piers, etc., are under 
compressive stress. 

(c.) When the forces acting 
on a body (as a rivet in a bridge 
joint) are such that they tend to cut or " shear " it across, the stress 
at a section along which there is a tendency to cut is called a shear 
or a shearing stress. This kind of stress takes its name from the 
act of cutting with a pair of shears. In a material which is being 
cut in this way, the stresses that are being " overcome " are shear- 
ing stresses. Fig. 3 (</) represents a riveted joint, and Fig. 3 (5) 
two parts of the rivet. The forces applied to the joint are such 
that A tends to slide to the left, and B to the right; then B exerts 
on A a force P toward the right, and A on B a foi-ce Q toward the 
left as shown. P or Q is the shearing stress in the rivet. 

Tensions, Compressions and Shears are called simple stresses. 
Forces may act upon a body so as to produce a combination of simple 
stresses on some section ; such a combination is called a complex 
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stress. The stresses in beams are usually complex. There are other 
terms used to describe stress; they will be defined farther on. 

4. Unit-Stress. It is often necessary to specify not merely 
the amount of the entire stress which acts on an area, but also the 
amount which acts on each unit of area (square inch for example). 
By unit-stress is meant stress per unit area. 

To find the value of a unit-stress: Divide the whole stress hy 
the whole area of the section on which it actSy or over which it is 
distributed. Thus, let 

P denote the value of the whole stress, 
A the area on which it acts, and 

S the value of the unit-stress ; then 

P 

S=-^, al8oP = AS. (i) 

Strictly these formulas apply only when the stress P is uniform, 





Fig. 3. 

that is, when it is uniformly distributed over the area, each square 
inch for example sustaining the same amount of stress. When 
the stress is not uniform, that is, when the stresses on different 
square inches are not equal, then Ph-A equals the average value 
of the unit-stress. 

5. Unit-stresses are usually expressed (in America) in 
pounds per square inch, sometimes in tons per square inch. If 
P and A in equation 1 are expressed in pounds and square 
inches respectively, then S will be in pounds per square inch; and 
if P and A are expressed in tons and square inches, S will be in 
tons per square inch. 

Examples. 1. Suppose that the rod sustaining the load in 
Fig. 1 is 2 square inches in cross-section, and that the load weighs 
1,000 pounds. What is the value of the unit-stress ? 
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Here P = 1,000 pounds, A= 2 square inches; hence. 
b = — ^^ — = 5(K) pounds j)er scjuare inch. 

2. Suppose that the rod is one-half scjuare inch in cross -sec- 
tion. What is the value of the unit-stress ? 

A = -^-square inch, and, as before, P= 1,000 pounds ; hence 
S = 1,000h — ^ = 2,000 pounds per square inch. 

Notice that one must always divide the whole stress hy the area to get 
the unit-stress, whether the area is greater or less than one. 

6. Deformation. Whenever forces are applied to a body it 
changes in size, and usually in shape also. This change of size 
and shape is called deformation. Deformations are usually meas- 
ured in inches; thus, if a rod is stretched 2 inches, the "elonga- 
tion"= 2 inches. 

7. Unit-Deformation. It is sometimes necessary to specify 
not merely the value of a total deformation but its amount per 
unit length of the deformed body. Deformation per unit length 
of the deformed body is called unit-deformation. 

To find the value of a unit-deformation: Divide the whole 
deformation hy the length over which it is distrihuted. Thus, if 

D denotes the value of a deformation, 
I the length, 
8 the unit-deformation, then 

«=^-v-, also D=Z5. (2) 

Both D and I should always be expressed in the same unit. 

Example. Suppose that a 4-foot rod is elongated ^ inch. 
What is the value of the unit-deformation? 

Here D=J inch, and Z=4: feet=48 inches; 
hence 8=\^4t^=-^^ inch per inch. 
That is, each inch is elongated -^^ inch. 

Unit-elongations are sometimes expressed in per cent. To 
express an elongation in per cent: Divide the elongation iti inches 
hy the original length in inches^and multiply hy 100, 

8. Elasticity. Most solid bodies when deformed will regain 
more or less completely their natural size and shape when the d©. 
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forming forces cease to act. This property of regaining size and 
shape is called elasticity. 

We may classify bodies into kinds depending on the degree 
of elasticity which they have, thus: 

1. Perfectly elastiG bodies; these will regain their orig- 
inal form and size no matter how large the applied forces are if 
less than breaking values. Strictly there are no such materials, 
but rubber, practically, is perfectly elastic. 

2. Imperfectly elastiG bodies; these will fully regain their 
original form and size if the applied forces are not too large, and 
practically even if the loads are large but less than the breaking 
value. Most of the constructive materials belong to this class. 

3. Inelastic or jjlastiGhodie^'yihG^Q will not regain in the 
least their original form when the applied forces cease to act. Clay 
and putty are good examples of this class. 

9. Hookers Law, and Elastic Limit. If a gradually increas- 
ing force is applied to a perfectly elastic material, the deformation 
increases proportionally to the force; that is, if P and P' denote 
two values of the force (or stress), and D and D' the values of the 
deformation produced by the force, 

thenP:F::D:D'. 

This relation is also true for imperfectly elastic materials, 
provided that the loads P and P' do not exceed a certain limit depend- 
ing on the material. Beyond this limit, the deformation increases 
much faster than the load; that is, if within the limit an addition 
of 1,000 pounds to the load produces a stretch of 0.01 inch, beyond 
the limit an equal addition produces a stretch larger and usually 
much larger than 0.01 inch. 

Beyond this limit of proportionality a part of the deformation 
is permanent; that is, if the load is removed the body only partially 
recovers its form and size. The permanent part of a deformation 
is called set. 

The fact that for most materials the deformation is propor- 
tional to the load within certain limits, is known as Hooke's Law. 
The unit-stress within which Ilooke's law holds, or above which 
the deformation is not proj)ortional to the load or stress, is called 
elastic limit. 
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10. Ultimate Strength. By ultimate tensile, compressive, 
or shearing strength of a material is meant the greatest tensile, 
compressive, or shearing unit-stress which it can withstand. 

Jls before mentioned, when a material is subjected to an in- 
creasing load the deformation increases faster than the load beyond 
the elastic limit, and much faster near the stage of rupture. Not 
only do tension bars and compression blocks elongate and shorten 
respectively, but their cross-sectional areas change also; tension 
bars thin down and compression blocks "swell out" more or less. 
The value of the ultimate strength for any material is ascertained 
by subjecting a specimen to a gradually increasing tensile, com- 
pressive, or shearing stress, as the case may be, until rupture oc- 
curs, and measuring the greatest load. The hreaking load divided 
hy the area of the original cross -sect ion sustaining the stress^ is th^ 
value of the ultimate strength. 

Jixamjyle. Suppose that in a tension test of a wrought-iron 
rod \ inch in diameter the greatest load was 12,540 pounds. What 
is the value of the ultimate strength of that grade of wrought iron? 

The original area of the cross-section of the rod was 
0.7854 (diaraeter)'^=0.7S54x 4=0.1964 square inches; hence 
the ultimate strength equals 

12,540-5-0.1904^=03,850 pounds per square inch. 

11. Stress-Deformation Diag^ram. A <^test" to determine 
the elastic limit, ultimate strength, and other information in re- 
gard to a material is conducted by aj)plying a gradually increasing 
load until the specimen is broken, and noting the deformation cor- 
responding to many values of the load. The first and second col- 
umns of the following table are a record of a tension test on a steel 
rod one inch in diameter. The numbers in the first column are 
the values of the pull, or the loads, at which the elongation of 
the specimen was measured. The elongations are given in the sec- 
ond column. The numbers in the third and fourth columns are 
the values of the unit-stress and unit-elongation corresponding to 
the values of the load opposite to them. The numbers in the 
third column were obtained from those in the first by dividing 
the latter by the area of the cross-section of the rod, 0.7854 
square inches. Thus, 

3,930^-0.7854=5,000 
7,850h-0.7854=10,000, etc. 



16 



STEENGTH OF MATERIALS 



9 



1 


Total Pull 
in pounds, P 


Deformation 
in inches, D 


Unit-Stress in 

pounds per 
square inch, S 


Unit-. 
Deformation, 

8 


3830 


0.00136 


5000 


0.00017 


7850 


.00280 


10000 


.00035 


11780 


.00404 


15000 


.00050 


15710 


.00538 


20000 


.00067 


19635 


.00672 


25000 


.00084 


23560 


.00805 


30000 


.00101 


27490 


.00942 


35000 


.00118 


31415 


.01080 


40000 


.00135 


35345 


.01221 


45000 


.00153 


39270 


.0144 


50000 


.00180 


43200 


.0800 


55000 


.0100 


47125 


.1622 


60000 


.0202 


51050 


.201 


65000 


.0251 


54980 


.281 


70000 


.0351 


58910 


384 


75000 


.048 


62832 


.560 


80000 


.070 


65200 


1.600 


83000 


.200 



The numbers in the fourth column were obtained by dividing 
those in the second by the length of the specimen (or rather the 
length of that part whose elongation was measured), 8 inches. 
Thus, 

0.00136h-8 = 0.00017, 
.00280-4-8 = .00035, etc. 

Looking at the first two columns it will be seen that the elonga- 
tions are practically proportional to the loads up to the ninth load, 
the increase of stretch for each increase in load being about 0.00135 
inch; but beyond the ninth load the increases of stretch are much 
greater. Hence the elastic limit was reached at about the ninth 
load, and its value is about 45,000 pounds per square inch. The 
greatest load was 05,200 pounds, and the corresponding unit-stress, 
83,000 pounds per square inch, is the ultimate strength. 

Nearly all the information revealed by such a test can be 
well represented in a diagram called a stress-deformation diagram. 
It is made as follows: Lay of! the values of the unit-deformation 
(fourth column) along a horizontal line, according to some con- 
venient scale, from some fixed point in the line. At the points on 
the horizontal line representing the various unit-elongations, lay 
off perpendicular distances equal to the corresponding unit-stresses. 
Then connect by a smooth curve the upper ends of all those dis- 
tances, last distances laid off. Thus, for instance, the highest unit- 
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elongation (0.20) laid off from o (Fig. 4) fixes the point a, and a 
perpendicular distance to represent the highest unit-stress (83,000) 
fixes the point S. All the points so laid off give the curve och. The 
part oe^ within the elastic limit, is straight and nearly vertical 
while the remainder is curved and more or less horizontal, especially 
toward the point of rupture S. Fig. 5 is a typical stress-defor- 
mation diagram for timber, cast iron, wrought iron, soft and hard 
steel, in tension and compression. 

13. Working: Stress and Strength, and Factor of Safety. 
The greatest unit-stress in any part of a structure when it is sus- 
taining its loads is called the 
worT^lng stress of tliat part. If 
it is under tension, compression 
and shearing stresses, then the 
corresponding highest unit- 
stresses in it are called its work- 
ing stress in tension, in com- 
pression, and in shear respect- 
ively; that is, we speak of as 
many working stresses as it has 
kinds of stress. 



/-^ 






f 




o 


t 



Fig. 4. 



By worMng strength of a material to be used for a certain 
purpose is meant the highest unit-stress to which the material 
ought to be subjected when so used. Each material has a working 
strength for tension, for compression, and for shear, and they are in 
general different. 

^j factor of safety is meant the ratio of theultimate strength 
of a material to its working stress or strength. Thus, if 
S^ denotes ultimate strength, 
S^ denotes working stress or strength, and 
f denotes factor of safety, then 






(3) 



When a structure which has to stand certain loads is about 
to be designed, it is. necessary to select working strengths or fac- 
tors of safety for the materials to be used. Often the selection is 
a matter of great importance, and can be wisely jierformed only 
by an experienced engineer, for this is a matter where hard-and- 
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fast rules should not govern but rather the judgment of the expert. 
But there are certain principles to be used as guides in making a 
selection, chief among which are: 

1. The working strength should be considerably below the 
elastic limit. (Then the deformationo will be small and not per- 
manent.) 




Fig. 5. (After Johnson.) 

2. The working strength should be smaller for parts of a 
structure sustaining varying loads than for those whose loads are 
steady. (Actual experiments have disclosed the fact that the 
strength of a specimen depends on the kind of load put upon it, 
and that in a general way it is less the less steady the load is.) 

3. The working strength must be taken low for non-uniform 
material, where poor workmanship may be expected, when the 
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loads are uncertain, etc. Principles 1 and 2 have been reduced 
to figures or formulas for many particular cases, but the third must 
remain a subject for display of judgment, and even good guessing 
in many cases. 

The following is a table of factors of safety* which will be 
used in the problems: 

Factors of Safety. 



Materials. 


Fur steady 

stress. 
(Buildinf^.) 


For varyiufg 

stress. 
(Bridjfps.) 


For shocks. 
(Machines.) 


Timber 

Brick and stone 
Cast iron 
Wrought iron 
Steel 


8 

15 
6 
4 
5 


10 

25 

15 

6 

7 


15 
30 
20 
10 
15 



They must be regarded as average values and are not to be 
adopted in every case in practice. 

Examples. 1. A wrought-iron rod 1 inch in diameter sus- 
tains a load of 30,000 pounds. What is its working stress? If 
its ultimate strength is 50,000 pounds per square inch, what is 
its factor of safety ? 

The area of the cross-section of the rod equals 0.7854 X (diam- 
eter)'=0.7854 X 1^=0.7854 square inches. Since the whole stress 
on the cross-section is 30,000 pounds, equation 1 gives for the 
unit working stress 

• ^ 30,000 ^^ ._^ , . . 

= rTT^Fl ^^ 38,197 pounds per square mch. 

Equation 3 gives for factor of safety 

50,000 __ 
«^"~ 38,197 ~ 
2. How largo a steel bar or rod is needed to sustain a steady 
pull of 100,000 pounds if the ultimate strength of the material is 
65,000 pounds ? 

The load being steady, we use a factor of safety of 5 (see table 
above); hence the working strength to be used (see equation 3) is 

65,000 .^^^.^ . . . 

'=^ 13,000 pounds per square inch. 



S-^- 



5 



The proper area of the cross-section of the rod can now be com- 
puted from equation 1 thus: 

♦Taken from Merriman's "Mechanics of Materials. ' 
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, P 100,000 „^,,^ . , 

A = g- = -I q 000 = 7.692 square inches. 

A bar 2x4 inches in cross-section would be a little stronger 
.than necessary. To find the diameter (cZ) of a round rod of suffi- 
cient strength, we write 0.7854: cP = 7.692, and solve the equation 
tord; thus: 

7.692 

d^=rrf=fc7^A = 9.794, or rf = 3.129 inches. 
0.7854 ' 

3. How large a steady load can a short timber post safely sus- 
tain if it is 10x10 inches in cross-section and its ultimate com- 
pressive strength is 10,000 pounds per square inch ? 

According to the table (page 12) the proper factor of safety is 
8, and hence the working strength according to equation 3 is 

^ 10,000 , ^^^ , 

S = — ^ — = 1,250 pounds per square inch. 

The area of the cross-section is 100 square inches; hence the safe 
load (see equation 1) is 

P = 100 X 1,250 = 125,000 pounds. 

4. When a hole is punched through a plate the shearing 
strength of the material has to be overcome. If the ultimate shear- 
ing strength is 50,000 pounds per square inch, the thickness of the 
plate ^ inch, and the diameter of the hole | inch, what is the value 
of the force to be overcome ? 

The area shorn is that of the cylindrical surface of the hole 
or the metal punched out; that is 

3.1416 X diameter X thickness = 3.1416 X | X J = 1.178 sq. in. 
Hence, by equation 1, the total shearing strength or resistance 
to punching is 

P = 1.178 X 50,000 = 58,900 pounds. 

STRENQTH OF MATERIALS UNDER SIMPLE STRESS. 

i3. Materials in Tension. Practically the only materials 
used extensively under tension are timber, wrought iron and steel, 
and to some extent cast iron. 

14* Timi>er. A successful tension test of wood is difficult, 
as the specimen usually crushes at the ends when held in the test- 
ing machine, splits, or fails otherwise than as desired. Hence the 
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tensile strengths of woods are not well known, but the following 
may be taken as approximate average values of the ultimate 
Bt?ei4gths of the woods named, when ''dry out of doors." 

IIcmliK'k, 7,000 pounds per square inch. 

White pino, 8,000 " " 

Yellow pine, long leaf, 12,000 " " 

" " , short leaf, 10,000 " « 

Douglas spruce, 10,000 " " 

• White oak, 12,000 *• « 

Red oak, 9,000 « " 

15. Wrought Iron. The process of the manufacture of 
wrought iron gives it a "grain," and its tensile strengths along and 
across the grain are unecpial, the latter being about three-fourths 
of the former. The ultimate tensile strencrth of wrought iron 
along the grain varies from 45,000 to 5''),000 [)ound8 per square 
inch. Strength along the grain is meant when not otherwise 
stated. 

The strength depends on the size of the piece, it being greater 
for small than for large rods or bars, and also for thin than for 
thick plates. The elastic limit varies from 25,000 to 40,000 
pounds per square inch, depending on the size of the bar or plate 
even more than the ultimate strength. Wrought iron is very 
ductile, a specimen tested in tension to destruction elongating from 
5 to 25 per cent of its length. 

16. Steel. Steel has more or less of a grain but is practically 
Df the same strength in all directions. To suit different purposes, 
steel is made of various grades, chief among which may be men- 
tioned rivet steel, sheet steel (for boilers), medium steel (for 
bridges and buildings), rail steel, tool and spring steel. In general, 
these grades of steel are hard and strong in the order named, the 
ultimate tensile strength ranging from about 50,000 to 160,000 
})ounds per square inch. 

There are several grades of structural steel, which may be 

described as follows:* . 

1. Kivet steel: 

Ultimate tensilo stre^ngth, 48,000 to 58,000 pounds per square inch. 
Elastic limit, not less than one-half the ultimate strength. 
Elon«?ati(>n, *2<) iior cent. 
IJonds ISO do^riH's flat on itself without fracture. 

♦Taken from " Manufacturer's Standard Specifications." 
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2. Soft steel : 

Ultimate tensile strength, 52,000 to 62,000 pounds per square inch. 
Elastic limit, not less than one-half the ultimate strength. 
Elongation, 25 per cent. 
Bends 180 degrees flat on itself. 

3. Medium steel: 

Ultimate tensile strength, 60/XX) to 70,000 jwunds per s(juare inch. 
Elastic limit, not less than one-half the ultimate strength. 
Elongation, 22 per cent. 

Bends 180 degrees to a diameter equal to the thickness of the 
s{>ecimen without fracture. 

17. Cast Iron. As in the case of steel, there are many 
grades of cast iron. The fi;rades are not the same for all localities 
or districts, but they are based on the appearance of the fractures, 
which vary from coarse dark grey to fine silvery white. 

The ultimate tensile strength does not vary uniformly with 
the grades but depends for the most part on the percentage of 
"combined carbon" present in the iron. This strength varies from 
15,000 to 35,000 pounds per square inch, 20,000 being a fair 
average. 

Cast iron has no well-defined elastic limit (see curve for cast 
iron. Fig. 5). Its ultimate elongation is about one per cent. 

EXAMPLES FOR PRACTICE. 

1. A steel wire is -one-eighth inch in diameter, and the ulti- 
mate tensile strength of the material is 150,000 pounds per square 
inch. IIow large is its breaking load ? Ans. 1,840 pounds. 

2. A wrought-iron rod (ultimate tensile strength 50,000 
pounds per square inch) is 2 inches in diameter. IIow large a 
steady pull can it safely bear ? Ans. 39,270 pounds. 

i8. Materials in Compression. Unlike the tensile, the 
compressive strength of a. specimen or structural part depends on 
its dimension in the direction in which the load is applied, for, 
in compression, a long bar or rod is weaker than a short one. At 
present we refer only to the strength of short pieces such as do 
not bend under the load, the longer ones .(columns) being dis- 
cussed farther on. 

Different materials break or fail under compression, in two 
very different ways: 

1, Puctile materials (structural steel, wrought iron,, etc.), 
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and wood compressed across the grain, do not fail by breaking into 
two distinct parts as in tension, but the former bulge out and 
flatten under great loads, while wood splits and mashes down. 
There is no particular point or instant of failure under increasing 
loads, and such materials have no definite ultimate strength in 
compression. 

2. Brittle materials (brick, stone, hard steel, cast iron, etc.), 
and wood compressed along the grain, do not mash gradually, but 
fail suddenly and have a definite ultimate strength in compression. 
Although the surfaces of fracture are always much inclined to the 
direction in which the load ia applied (about 45 degrees), the ulti- 
mate strength is computed by dividing the total breaking load by 
the cross -sectional area of the specimen. 

The principal materials used under compression in structural 
work are timber, wrought iron, steel, cast iron, brick and stone. 

19. ' Timber. As before noted, timber has no definite ulti- 
mate compressive strength across the grain. The U. S. Forestry 
Division has adopted certain amounts of compressive deformation 
as marking stages of failure. Three per cent compression is 
regarded as "a working limit allowable," and fifteen per cent as 
"an extreme limit, or as failure." The following (except the first) 
are values for compressive strength from the Forestry Division 
Eeports, all in pounds per square inch: 

Ultimate strength ^ Compression 
along the grain. across the grain 

Hemlock 6,000 

White pine 5,400 700 

Long-leaf yellow pine 8,000 1,260 

Short-loaf yellow pine 6,500 1,050 

Douglas spruce 5,700 800 

White oak 8,500 2,200 

Red oak 7,200 2,300 

20. Wrought Iron. The elastic limit of wrought iron, as be- 
fore noted, depends very much upon the size of the bars or plate, it 
being greater for small bars and thin plates. Its value for com- 
pression is practically the same as for tension, 25,000 to 40,000 
pounds per square inch. 

21. Steel. The hard steels have the highest compressive 
strength; there is a recorded value of nearly 400,000 pounds per 
square inch, but 150,000 is probably a fair average. 
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The elastic limit in compression is practically the same as in 
tension, which is about 60 per cent of the ultimate tensile strength, 
or, for structural steel, about 25,000 to 42,000 pounds per square 

inch. 

33. Cast Iron. This is a very strong material in compres- 
sion, in which way, principally, it is used structurally. Its ulti- 
mate strength depends much on the proportion of "combined car- 
bon" and silicon present, and varies from 50,000 to 200,000 pounds 
per square inch, 90,000 being a fair average. As in tension, 
there is no well-defined elastic limit in compression (see curve for 
cast iron, Fig. 5). 

33. Brick. The ultimate strengths are as various as the 
kinds and makes of brick. For soft brick, the ultimate strength 
is as low as 500 pounds per square inch, and for pressed brick it 
varies from 4,000 to 20,000 pounds per square inch, 8,000 to 
10,000 being a fair average. The ultimate strength of good pav- 
ing brick is still higher, its average value being from 12,000 to 
15,000 pounds per square inch. 

24* Stone. Sandstone, limestone and granite are the 
principal building stones. Their ultimate strengths in pounds 
per square inch are about as follows: 

Sandstone,* 5,000 to 16,000, average 8,000. 
Limestone,* 8,000 « 16,000, " 10,000. 
Granite, 14,000 " 24,000, « 16,000. 
'Compression at right angles to the '*bed" of the stone. 

EXAMPLES FOR PRACTICE. 

1. A limestone 12 X 12 inches on its bed is used as a pier 
cap, and bears a load of 120,000 pounds. What is its factor of 
safety? Ans. 12. 

2. How large a post (short) is needed to sustain a steady 
load of 100,000 pounds if the ultimate compressive strength of 
the wood is 10,000 pounds per square inch ? Ans. 10 X 10 inches. 

25. Materials in Shear. The principal materials used under 
shearing stress are timber, wrought iron, steel and cast iron. 
Partly on account of the difficulty of determining shearing 
strengths, these are not well known. 

26. Timi>er. The ultimate shearing strengths of the more 
important wo6ds along the grava are about as follows: 
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Hemlock, «300 pounds per square inch. 

White pine, 400 " « 

Long-leaf yellow pine, STjO ** ** 

Short-leaf " " 775 " " 

Douglas spruce, 5(J0 " " 

White oak, 1,000 " " 

Red oak, 1,100 « " 

Wood rarely fails by shearing across the grain. Its ultimate 

Fig. 6 a. Fig. 6 d. 

shearing strength in that direction is probably four or five times 
the values above given. 

27. Metals. The ultimate shearing strength of wrought, 
iron, steel, and cast iron is about 80 per cent of their respective 
ultimate tensile strengths. 

EXAMPLES FOR PRACTICE. 

1. How large a pressure P (Fig. 6 (f) exerted on the shaded 
area can the timber stand before it will shear off on the surface 
aJjrd^ if ab = inches and 7>c = 10 inches, and the ultimate shear- 
ing strength of the timber is 400 pounds per square inch ? 

Ans. 24,000 pounds. 

2. "When a bolt is under tension, there is a tendency to tear 
the bolt and to *^strip" or shear off the head. The shorn area 
would be the surface of the cylindrical hole left in the head. 
Compute the tensile and shearing unit-stresses when P (Fig. 6 b) 
equals 30,000 pounds, d ^^ 2 inches, and ^ = 3 inches. 

j Tensile unit-stress, 9,550 pounds per square inch. 
' ( Shearing unit-stress, 1,595 pounds 2)er square inch. 

REACTIONS OF SUPPORTS. 

28. Moment of a Force. By moment of a force with re- 
spect to a point is meant its tendency to produce rotation about 
that point. Evidently the tendency depends on the matrnitude of 
the force and on the perpendicular distance of the line of action 
of tho ^orce from the point : the greater the force and the per- 
pendicular distance, the greater the tendency; hence t/ie mo/neiit 



26 



STKENGTH OF MATERIALS 



19 



of a force with respect to a point equals the product of the force 
aiul the perpend icnlur distance froin the force to the point. 

The point with respect to which the moment of one or more 
forces is taken is called an origin or center of moments^ and the 
perpendicular distance from an origin of moments to the line of 
action of a force is called the arm, oi the force with respect to. 
that origin. Thus, if Fj and F^ (Fig. 7) are forces, their arms 
with respect to O' are a^ and <// respectively, and their moments 
are F//', and ¥.^a\. With respect to O" their arms are a^' and a/' , 
respectively, and their moments are F///' and F///'. 

If the force is expressed in pounds and its arm in feet, the 
moment is in foot-pounds; if the force is in pounds and the arm 
in inches, the moment is in inch-pounds. 

29. A SHjfi is given to the moment of a force for conven- 
ience; the rule used herein is as follows: The rnometit of a 
force aljout a point is j)08itive or negative according as it tends 
to turn the body ahout that point in the clockwise or counter- 
clockwise direction^. 
Thus the moment (Fig. 7) 

of Fj about O' is negative, about O" positive; 



« 



(( 



O' " 



4( 



, about O" negative. 
In general, a single force of 



30. Principle of Moments. 

proper magnitude and line of ac- 
tion can balance any number of 
forces. That single force is called 
the equilihrant of the forces, and 
the single force that would balance 
the equilibrant is called the result- 
ant of the forces. Or, otherwise 
stated, the resultant of any num- 
ber of forces is a force which pro- 
duces the same effect. It can be 
proved that — The algehraic sum 
of the moments of any nujaher 
of forces v:ith respect to a pointy 
equals the moment of their re- 
sultant ahout that point. 

*By clockwise direction is meant that in which the hands of a clock 
rotate; and by counter-clockwise, the opposite direction. 




Fig. 7. 
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This is a useful principle and is called "principle of moments." 
31. All the forces acting upon a body which is at rest are 

said to be halaneed or in equillhrium. No force is required to 
balance such forces and hence their equilibrant and resultant are 
zero. 

Since their resultant is zero, the algebraic sum of the mom- 
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ents of any nujnher of forces which are hal-anced or in equilih- 
rinni equals zero. 

This is known as the principle of moments for forces in 
equilibrium; for brevity we shall call it also "the principle of 
moments." 

The principle is easily verified in a simple case. Thus, let 
AB (Fig. 8) be a beam resting on supports at C and F. It is 
evident from the symmetry of the loading that each reaction 
equals one-half of the whole load, that is, J of 6,000^=^3,000 
pounds. (We neglect the weight of the beam for simplicity.) 

With respect to C, for example, the moments of the forces 
are, taking them in order from the left: 

—1,000 X 4 = — 4,000 foot-pounds 

3,000 X 6= 

2,000 X 2= 4,000 

2,000 X 14 = 28,000 
-^000X16 = --48,000 

1,000 X 20 = 20,000 

The algebraic sum of these moments is seen to equal zero. 
Again, with respect to B the moments are: 

— 1,000 X 24 = — 24,000 foot-pounds 

3,000 X 20 = 60,000 
—2,000 X 18 = —36,000 
— 2,000 X 6 = — 12,000 

3,000 X 4= 12,000 

1,000 X 0= " 

The sum of these moments also equals zero. In fact, no matter 
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where the center of moments is taken, it will be found in this and 
any other balanced system of forces that the algebraic sum of their 
moments equals zero. The chief use that we shall make of this 
principle is in finding the supporting forces of loaded beams. 

32. Kinds of Beams. A cantilever heain is one resting on 
one support or fixed at one end, as in a wall, the other end being 
free. 

A simple beam is one resting on two supports. 

A restrained leain is one fixed at both ends; a beam fixed at 
one end and resting on a support at the other is said to be re- 
strained at the fixed end and simply supported at the other. 

A contin/uous heam is one resting on more than two supports. 

33. Determination of Reactions on Beams. The forces which 
the supports exert on a beam, that is, the "supporting forces," are 
called reactions. We shall deal chiefly with simple beams. The 
reaction on a cantilever beam supported at one point evidently 
equals the total load on the beam. 

When the loads on a horizontal beam are all vertical (and 
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Fig. 9. 

this is the usual case), the supporting forces are also vertical and 
the sum of the reactions equals the sum of the loads. This prin- 
ciple is sometimes useful in determining reactions, but in the case 
of simple beams the principle of moments is sufficient. The gen- 
eral method of determining reactions is as follows: 

1. Write out two equations of moments. for all the forces 
(loads and reactions) acting on the beam with origins of moments- 
at the supports. 

2. Solve the equations for the reactions. 

3. As a check, try if the sum of the reactions equals the 
sum of the loads. 

Examples, 1. Fig. 9 represents a beam supported at its 
ends and sustaining three loads. We wish to find the reactions 
due to these loads. 
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Let the reactions be denoted by R, and Rj as shown ; then 
the moment equations are: 
For origin at A, 

1,000 X 1 + 2,000 X 6 + 3,000 X 8— R, X 10 -= 0. 
For origin at E, 



21 



oolbs. 36oo1b5. leoolbft. 



-a'— i 6'- 

B 



6' 1 4' 



LB stE 



Fig. 10. 

R^ X 10—1,000 X 9—2,000 X 4—3,000 X 2 = 0. 
The first equation reduces to 

' 10 R^ = 1,000+12,000+24,000 = 37,000; or 
R.^= 3,700 pounds. 
The second equation reduces to 

10 R= 9,000+8,000+6,000 = 23,000; or 
n~ 2,300 pounds. 
The sum of the loads is 6,000 pounds and the sum of the reactions 
is the same; hence the computation is correct. 

2. Fig. 10 represents a beam supported at B and D (that is, 
it has overhanging ends) and sustaining three loads as shown. We 
wish to determine the reactions due to the loads. 

Let Rj and R^ denote the reactions as shown ; then the moment 
equations are: 
For origin at B, 

-2,100x2+0+3,600x6— R,Xl4+l,609Xl8-:0. 
For origin at D, 

-2,100xl6+RjX 14— 3,600x8+0+1,600x4 = 0. 
The first equation reduces to 

14 R,= -4,200+21,600+28,800 = 46,200; or 
Rj = 3,300 pounds. 
The second equation reduces to 

14 R,= 33,600+28,800-6,400 -= 56,000; or 
R,= 4,000 pounds. 
The sum of the loads equals 7,300 pounds and the sum of the 
reactions is the same; hence the computation checks. 

3. What are the total reactions in example 1 if the beaiQ 
weighs 400 pounds ? 
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(1.) Since we already know the reactions due to the loads 
(2,300 and 3,700 pounds at the left and right ends respectively 
(see illustration 1 above), we need only to compute the reactions 
due to the weight of the beam and add. Evidently the reactions 
due to the weight equal 200 pounds each; hence the 

left reaction ^.2,300+200=2,500 pounds, and the 
right « =3,700+200=3,900 " . 

(2.) Or, we might compute the reactions due to the loads 
and weight of the beam together and directly. In figuring the 
moment due to the weight of the beam, we imagine the weight 
as concentrated at the middle of the beam; then its moments with 
respect to the left and right supports are (400 X 5) and — (400 X 5) 
respectively. The moment equations for origins at A and E are 
like those of illustration 1 except that they contain one more 
term, the moment due to the weight; thus they are respectively: 

1,000x1 + 2,000x6 + 3,000x8— E2X10+400X5=0, 

Rj X 10—1,000 X 9—2,000 X 4—3,000 X 2—400 X 5=0. 
The first one reduces to 

10 Ji = 39,000, or R„ = 3,900 pounds; 

and the second to 

10 E,= 25,000, or R = 2,500 pounds. 

4. What are the total reactions in example 2 if the beam 
weighs 42 pounds per foot ? 

As in example 3, we might compute the reactions due to the 
weight and then add them to the corresponding reactions due to 
the loads (already found in example 2), but we shall determine 
the total reactions due to load and weight directly. 

The beam being 20 feet long, its weight is 42 X 20, or 840 
pounds. Since the middle of the beam is 8 feet from the left and 
6 feet from the right support, the moments of the weight with 
respect to the left and right supports are respectively: 

840X8 = G,720, and— 840x6 = —6,040 foot-pounds. 

The moment equations for all the forces applied to the beam 
for origins at B and D are like those in example 2, with an addi- 
tional term, the moment of the weight; they are respectively: 
— 2,100x2+0+3,600x6— R2Xl4+l,600xl8+6,720 = 0, 
—2,100 X 16 + R, X 14— 3,600.x 8 + + 1,600 X 4—5,040 = 0. 
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Tlie first equation reduces to » 

14 R,=52,920, or R,=3,780 pounds, 

and the second to 

14 R^= 61,040, or R,= 4,360 pounds. 

The sum of the loads and weight of beam is 8,140 pounds; 

and since the sum of the reactions is the same, the computation 

checks. 

EXAMPLES FOR PRACTICE. 

1. AB (Fig. 11) represents a simple beam supported at its 

ends. Compute the reactions, neglecting the weight of the beam. 

* j Right reaction = 1,443.75 pounds. 
■ I Left reaction = 1,556.25 pounds. 



eoolba. soglbo. sooJba. looolbs. 
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Fig. 11. 

2; Solve example 1 taking into account the weight of the 

beam, which suj)p08e to be 400 jx)unds. 

. ( Right reaction = 1,643.75 pounds. 
I Left reaction == 1,756.25 jx)und8. 

3. Fig. 12 represents a simple beam weighing 800 pounds 

8upj)()rted at A and B, and sustaining three loads as shown. 

What are the reactions ? 

. ( Right reaction = 2,014.28 pounds. 
\ Left reaction = 4,785.72 pounds. 

20oolb6. looolbs. dooolbs. 

Fig. 12. 

4. Suppose that in example 3 the beam also sustains a uni- 
formly distributed load (as a floor) over its entire length, of 500 
j)()unds j)er foot. Compute the reactions due to all the loads and 
the weight of the beam. 

. j Right reaction = 4,871.43 pounds. 
' I Left reaction = 11,928.57 pounds. 
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EXTERNAL SHEAR AND BENDING MOMENT. 

On almost every cross-section of a loaded beam there are 
three kinds of stress, namely tension, compression and shear. The 
first two are often called fibre stresses because they act along the 
real fibres of a wooden beam or the imaginary ones of which. we 
may suppose iron and steel beams composed. Before taking up 
the subject of these stresses in beams it is desirable to study certain 
quantities relating to the loads, and on which the stresses in a 
beam depend. These quantities are called external shear, and 
bending moment ^ and will now be discussed. 

34. External Shear. By external shear at (or foi^ any sec- 
tion of a loaded beam is meant the algebraic sum of all the loads 
(including weight of beam) and reactions on either side of the 
section. This sum is called external shear because, as is shown 
later, it equals the shearing stress (internal) at the section. For 
brevity, we shall often say simply "shear" when external shear is 
meant. 

35. Rule of Signs. In computing external shears, it is cus- 
tomary to give the plus sign to the retwtions and the minus sign 
to the loads. But in order to get the same sign for the external 
shear whether computed from the right or left, we change the sign 
of the sum when computed from the loads and reactions to the 
right. Thus for section a of the beam in Fig. 8 the algebraic sum is, 
when computed from the left, 

-1,000+3,000 = +2,000 pounds; 
and when computed from the right, 

-1,000+3,000^2,000-2,000 = -2,000 pounds. 
The external shear at section a is + 2,000 pounds. 

Again, for section b the algebraic sum is, 
when computed from the left, 

-1,000 + 3,000^2,000-2,000 + 3,000 = + 1,000 pounds ; 
and when computed from the right, -1,000 pounds. 

The external shear at .the section is + 1,000 pounds. 

It is usually convenient to compute the shear at a section 
from the forces to the right or left according as there are fewer 
forces (loads and reactions) on the right or left sides of the 
section. 
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S6. Units for Shears. It is customary to express external 
shears in pounds, but any other unit for expressing force and 
weight (as the ton) may be used. 

37. Notation. We shall use V to stand for external shear at 
any section, and the shear at a particular section will be denoted 
by that letter subscripted; thus V,, V^, etc., stand for the shears 
at sections one, two, etc., feet from the left end of a beam. 

The shear has different values just to the left and right of a 
support or concentrated load. We shall denote such values by V 
and V"; thus Y/ and Y/' denote the values of the shear at sec- 
tions a little less and a little more than 5 feet from the left end 
respectively. 

Examples. 1. Compute the shears for sections one foot 
apart in the beam represented in Fig. 9, neglecting the weight of 
the beam. (The right and left reactions are 3,700 and 2,300 
pounds respectively; see example 1, Art. 33.) 

All the following values of the shear are computed from the 

left. The shear just to the right of the left support is denoted by 

Y;', and Y;' = 2,300 pounds. The shear just to the left of B is 

denoted by Y/, and since the only force to the left of the section 

is the left reaction, Y/ = 2,300 pounds. The shear just to the 

right of B is denoted by Y/', and since the only forces to the left 

of this section are the left reaction and the 1,000-pound load, 

Y/' = 2,300 - 1,000 = 1,300 pounds. To the left of all sections 

between B and C, there are but two forces, the left reaction and 

the 1,000-pound load; hence the shear at any of those sections 

equals 2,300 -1,000 .^--1,300 pounds, or 

Y, ^- Y3 =^ Y, -- Y, -- Y;= 1,300 pounds. 

The shear just to the right of C is denoted by Y^."; and since the 

forces to the left of that section are the left reaction and the 

1,000- and 2,000-pound loads, 

Y;' = 2,300 - 1,000 - ^,000 .- - 700 pounds. 

Without further explanation, the student should understand 
that 

Y, - ^ + 2,300 - 1,000 - 2,000 . -^ - 700 pounds, 

y; --^-700, 

Y;' ^ f 2,300 - 1,000 - 2,000 - 3,000 - _ - 3,700, 

V, -_-^Y.;=- 3,700, 

Y,;' = + 2,300 - 1,000 - 2,000 - 3,000 H- 3,700 = 
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2. A simple beam 10 feet long, and supported at each end, 
weighs 400 pounds, and bears a uniformly distributed load of 
1,600 pounds. Compute the shears for sections two feet apart. 

Evidently each reaction equals one-half the sum of the load 
and weight of the beam, that is, J (1,600+400) =1,000 pounds. 
To the left of a section 2 feet from the left end, the forces acting 
on the beam consist of the left reaction, the load on that part of 
the beam, and the weight of that part ; then since the load and 
weight of the beam per foot equal 200 pounds, 

V,= 1,000-200 X 2 = 600 pounds. 
To the left of a section four feet from the left end, the forces 
are the left reaction, the load on that part of the beam, and the 
weight ; hence 

V,= 1,000-200 X 4 = 200 pounds. 
Without further explanation, the student should see that 

V, = 1,000^200 X 6 =-200 pounds, 
V3 = 1,000^200 X 8 = -600 pounds, 
V,; = 1,000-200 X 10 ^ -1,000 pounds, 

v,;'= 1,000-200 X 10+1,000 = 0. 

3. Compute the values of the shear in example 1, taking 
into account the weight of the beam (400 pounds). (The right 
and left reactions are then 3,900 and 2,500 pounds respectively; 
see example 3, Art. 33.) 

We proceed just as in example 1, except that in each compu- 
tation we include the weight of the beam to the left of the section 
(or to the right when computing from forces to the right). The 
weight of the beam being 40 pounds per foot, then (computing 
from the left) 

V;' =+2,500 pounds, 

V; =+2,500-40= +2,460, 

V/' =+2,500-40-l,000= + l,460, 

Y^ =+2,500-1,000-40 X 2 = + 1,420, 

V3 =-= f 2,500-1,000-40 X 3 = + 1,380, 

Y, =+2,500-1,000-40x4 = +1,340, 

Y5 =+2,500^1,000-40x5 = +1,300, 

Y; =+2,500-1,000-40 X 6 = + 1,260, 

Y;' =+2,500-1,000-40 X 6-2,000 = -740, 

Y, =+2,500-l,000-2,000-40x7 = -780, 
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V,' = + 2,500-1,000-2,000-40 x 8 = -820, 
V," = + 2,500-l,(K)0-2,000-40 X S-3,000 = -3,820, 
V, = + 2,5()0-1,(H)0-2,(K)0-3,000-40 X 9 = -3,8«0, 
V',0 = + 2,500-1,000-2.000-3,000-40 X 10 = -3,iK)0, 
V",o= + 2,500-1,000-2,000-3,000-40 X 10 + 3,900=0. 

Compating from the right, we find, as before, that 

V, =-( 3,900-3,000-40 x 3)=-780 pounds, 
V; =-( 3,900-3,000-40 X 2 )=-820, 
V," =-(3,900-40 x2)=-3,820, 

etc., etc. 

EXAMPLES FOR PRACTICE. 

1. Compute the values of the shear for sections of the beam 
represented in Fig. 10, neglecting the weight of the beam. (The 
right and left reactions are 3,300 and 4,000 pounds respectively; 
see example 2, Art. 33.) 

( V, -- V; ^-2.100 pounds, 
V;' =\V-.V.: .V.,^V,.-^V,=V' = + 1,900, 

v;'=v=v,=A'„=v„=v,.=v,=v„=v',.=-i,7oo, 

V",. -V„=V, =V„=V',= + 1,0(K). 

2. Solve the prcctHliiig example, taking into account the 
weight of the beam, 42 |K)Uii(1s per foot. (The right and left 
reactions are 3,780 and 4,3(50 jM)un(ls resiiectively; see example 4, 
Art. 33.) 

V;' . . - 2,100 11)8. V, = + l,;t(i(] lbs. V,. = - 1,928 lbs. 
V, :-:- 2,142 V; r. + l,<)24 V„=- 1,970 

V," = - 1,076 



Ans. - 



Ans. i 



V; ^ - 2,-184 
V;'-- 4 ■2.170 
V, =4 2,134 
V, = + 2,092 
V. = + 2,050 



& 
6 



V, =-1,718 

V„ = - 1,700 
V„ =-1,802 
V„ = - 1,844 

v., = - 1,880 



V,; = - 2,012 

V„"= + 1,708 
V„ = + 1,726 
V„ = + 1,684 
V.„ = + 1,642 
Y '= + 1,000 



V. = + 2,008 

3. (Compute the values of the sliear at sections one foot ajwirt 
in the beam of Vi^. 11, necrleeting the weicrht. (The right and 
U»ft reactions are 1,444 and 1,550 pounds resjx^ctively; see example 
1, Art. 83.) 
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Ans. 



V," =V,=Y,'= + 1,556 pounds, 
^;' =V,=V =V,=V,'=+956, 
V." =V/=+56, 

V " =v =v =v =v =v =v 

V,3"=Vu=V,5=Vi,'=-l,444. 
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4. Compute the vertical shear at sections one foot apart in 
the heam of Fig. 12, taking into account the weight of the beam, 
800 pounds, and a distributed load of 500 pounds per foot. (The 
right and left reactions are 4,870 and 11,930 pounds respectively; 
see examples 3 and 4, Art. 33.) 

y,= V, =+6,150 lbs. V„ ==+ 830 lbs. 

Vj' = - 540 lbs. V; = +5,610 
V,"= _ 2,540 V." = +4,610 



Ans. 



V, = - 8,080 
V, = - 3,620 
V, = - 4,160 
V. = - 4,700 
V,' = - 5,240 
[V."- +6,690 



y. 





+ 290 


v.; 





- 250 


v,/' 





- 8,250 


v„ 


= 


- 3,790 


v„ 





- 4,330 


^ 30 





- 4,870 


' 80 









V, =+4,070 
V,, = + 3,530 
V„ =+2,990 . 
Yj, = +2,450 
V„ = + 1,910 
Y,,=+ 1,370 

38. Shear Diag^rams. The way in which the external shear 
varies from section to section in a beam can be well represented 
by means of a diagram called a shear diagram. To construct 
such a diagram for any loaded beam, 

1. Lay off a line equal (by some scale) to the length of 
the beam, and mark the positions of the supports and the loads. 
(This is called a "base-line.'') 

2. Draw a line such that the distance of any point of it 
from the base equals (by some scale) the shear at the correspond- 
ing section of the beam, and so that the line is above the base 
where the shear is positive, and below it where negative. (This is 
called a shea7* lincj and the distance from a point of it to the 
base is called the "ordinate" from the base to the shear line at 
that point.) 

We shall explain these diagrams further by means of illus- 
trative examples. 

l^xamples. 1. It is required to construct the shear diagram 
for the beam represented in Fig. 13, a (a copy of Fig. 9). 
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Lay off A'E' (Fig. 18, i) to represent the twain, and mark the 
[Mjsitions of the loads B', C and D'. In examjile 1, Art. 87, we 
computed the values of the shear at sections oue foot apart; hence 
we lay off ordiiiates at |H>int3 on A'E' one foot ajjart, to represent 
those shears. 

Use a scale of 4,000 pounds to one inch. Since the shear for 
any Bection in AB is 2,300 pounds, we draw a line ah parallel 
to the base 0.575 inch (2,300 -5-4,000) therefrom; this is the shear 
line for the portion AB. Since the shear for any section in BC 
equals 1,800 pounds, we draw a line Uc parallel to the base and 

looolbs. eooolbs. 3000 lbs. 

A* — fe 



-1c 



Fig. 13. 
0.325 inch (l,300-^-4,000) therefrom; this is the shear line for the 
portion BC. Since the shear for any section in CD is -700 
pounds, we draw a line c'<l below the base and 0.175 inch 
(700-i-4,000) therefrom; this is the shear line for the portion 
CD, Since the shear for any section in DE equals -3,700 lbs., we 
draw a line d'e below the base and 0.025 inch (3,700-^4,000) there- 
from; this is the shear line for the portion DE. Fig. 13, h, is the 
required shear diagram. 

2. It is required to construct the shear diagram for the 
beam of Fig. 14, a (a copy of Fig. 0), taking into account the 
weight of the beam, 400 pounds. 

The values of the shear for sections one foot apart were com- 
puted in example 3, Art. 37, so we have only to eret-t ordinates at 
the various points on a base line A'E' (Fig. 14, J), equal to those 
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Tiilaed. We eliall use the same scale as in the preceding illustra- 
tion, 4,000 pounds to an inch. Then the lengths of the ordinates 
correeponding to the ralues of the shear (see example 3, Art. 37) 
are respectively: 

2,500-1-4,000=0.025 inch 

2,460-^4,000=0.615 " 

1,400 H- 4,000 =0.365 " 
etc. etc. 

Laying these ordinates off from the hase (upwards or downwards 
according as they correspond to positive or negative shears), we 
get ai, i'c, c'd, and d'e as the shear lines. 



^rt 
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Fig. 14. 
3. It is required to construct the shear diagram for the 
cantilever beam represented in Fig. 15, a, neglecting the weight 
of the beam. 

The value of the shear for any section in AB is — 500 pounds; 
for any section in BO, —1,500 pounds; and for any section in 
CD, —3,500 pounds. Hence the shear lines are «fi, l/'c, c'd. The 
flcale being 5,000 pounds to an inch, 

A'« = 500-^5,000 = 0.1 inch, 

B'ft' = 1,500h-5,000 = 0.3 " 

C'v' = 3,500-h5,000 = 0.7 " 

The shear lines are all belQW tb? bftw because all the values of the 

ebear are negative. 
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4. Suppose that the cantilever of the preceding illustration 
sustains also a uniform load of 200 pounds [)er foot (see Fig. 16, a). 
Construct a shear diagram. 



3c6.1e l"-sooolb8. 

Fig. 15. 

First, we compute the values of tlie shear at several sections. 

Thus V," =- 500 pounds, 

V, =-!;0O-20O=-7O0, 

V,' =- .'iOO - 200 X 2=-900, 

V,- =- 500 - 200 X 2 - 1,000=-1,900, 

V, =-500- 1,000 -200X3=-2,100, 

V, =- 50O ~ 1,000 - 200 X 4=-2,300, 

V,' =-50O-l,OOO-2OOX5=-2,50O, 

V," =- 500 - 1,000 - 200x5 - 2,000=-4,600, 

V, =-500 -1,(»0- 2,000 -200x6=-4,rOO, 

T, =- 500 - 1,000 - 2,000 - 200 X r=-4,900, 

V, =- 50O - 1,000 - 2,000 - 200 X 8=-5,10O, 

V, =-500- 1,000- 2,000 -200x9=-5, 300. 

The values, being negative, should bo plotted downward. To a 

scale of 5,000 pounds to the inch they give the shear lines ai, h'c, 

c'd (Fig. 16, J). 

EXAMPLES FOR PRACTICE. 

1. Construct a shear diagram for the beam represented in 
Fig. 10, neglecting the weight of the beam (see example 1, Art. 37). 

2. Construct the shear diagram for the beam represented in 
Fig. 11, neglecting the weight of the beam (see example 3, 
Art. 37). 
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3. Construct the shear digram for the beam of Fig. 12 
when it Bustaius, in addition to the .loads represented, its own 
weight, 800 pounds, and a uniform load of 500 poands per foot 
(see example 4, Art. 37). 

4. Figs, a, cases 1 and 2, Table B (page 55), represent two 
cantilever beams, the first bearing a concentrated load P at the free 
end, and the second a uniform load W. Figs, h are the corre- 
sponding shear diagrams. Take P and W equal to 1,000 pounds, 
and satisfy yourself that the diagrams are correct. 

5. Figs, a, cases 3 and 4, earner table, represent simple 
beams supported at their ends, the first bearing a concentrated 

soolbs. looolbe. aooolbs. 
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Fig. 16. 
load P at the middle, and the second a uniform load W. Figs. 
h are the corresponding shear diagrams. Talie P and W equal 
to 1,000 pounds, and satisfy yourself that they are correct. 

39. Maximum Shear. It is sometimes desirable to know 
the greatest or maximum value of the shear in a given case. This 
value can always be found with certainty by constructing the shear 
diagram, from which the maximum value of the shear is evident at 
a glance. In any case it can most readily be coraputed if one 
knows the section for which the shear ia a maximum. The, stu- 
dent should examine all the shear diagrams iu the preceding 
articles and those that he has drawn, and see that 

1. In cantilevers fixed in a icall, the masn.mMin sheae 
occurs at the wall. 



34 STRENGTH OF MATERIALS 



2. In simple heavis^ the maximum shear occurs at a sec- 
tion next to one of the supports. 

By the use of these propositions one can determine the value 
of the maximum shear without constructing the whole shear 
diagram. Thus, it is easily seen (referring to the diagrams, page 
55) that for a 

Cantilever, end load P, maximum shear =P 

" , uniform load W, " " =W 

Simple beam, middle load P, " " ^^\^ 

" " , uniform " W, " " =JW 

40. Bending rioment. By bending moment at (or for) a 
section of a loaded beam, is meant the algebraic sum of the mo- 
ments of all the loads (including weight of beam) and reactions 
to the left or right of the section with respect to any point in the 
section. 

41. Rule of Signs. We follow the rule of signs previously 
stated (Art. 29) that the moment of a force which tends to pro- 
duce clockwise rotation is plus, and that of a force which tends to 
produce counter-clockwise rotation is minus; but in order to get 
the same sign for thfi bending moment whether computed from 
the right or left, we change the sign of the sum of the moments 
when computed from the loads and reactions on the right. Thus 
for section a, Fig. 8, the algebraic sums of the moments of the 
forces are: 

when computed from tne left, 

-1,000 X 5 + 3,000 X l=--2,000 foot-pounds ; 
and when computed from the right, 

1,000 X 10-3,000 X 15 + 2,00b X 13 + 2,000 X 1 = -}- 2,000 foot- 
pounds. 
The bending moment at section a is -2,000 foot-pounds. 

Again, for section 5, the algebraic sums of the moments of the 
forces are: 
when computed from the left, 

-1,000 X 22+3,000 X 18-2,000 X 16-2,000 X 4 4 3,000 X 2= 
-2,000 foot-pounds; 
and when computed from the right, 

1,000 X 2= + 2,000 foot-pounds. 
The bending moment at the section is -2.000 foot-DOunds. 
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It is usually convenient to compute the bending moinant for 
a section from the forces to the right or left according as there 
are fewer forces (loads and reactions) on the right or left side 
of the section. 

43. Units. It is customary to express bending moments in 
inch-pounds, but often the foot-pound unit is more convenient. 
To rednce foot-pounds to hich-povnds^ multiply hy twelve, 

43. Notation. We shall use M to denote bending moment at 
any section, and the bending moment at a particular section will 
be denoted by that letter subscripted; thus M,, M^, etc., denote 
values of the bending moment for sections one, two, etc., feet 
from the left end of the beam. 

Exaviples, 1. Compute the bending moments for sections 
one foot apart in the beam represented in Fig. 9, neglecting the 
weight of the beam. (The right and left reactions are 3,700 and 
2,300 pounds respectively. See example 1, Art. 33.) 

Since there are no forces acting on the beam to the left of the 
right support, M^,=0. To the left of the section one foot from the 
left end there is but one force, the left reaction, and its arm is one 
foot; hence M,== + 2,300x1=2,300 foot-pounds. To the left of 
a section two feet from the left end there are two forces, 2,300 and 
1,000 pounds, and their arms are 2 feet and 1 foot respectively; 
hence M2= + 2,300x 2-1,000x1=3,600 foot-pounds. At the 
left of all sections between C and D there are only two forces, 
2,300 and 1,000 pounds; hence 

M3= + 2,300 X 3-1,000 X 2= +4,900 foot-pounds, 
M,= + 2,300 X 4-1,000 X 3= + 6,200 " 
M,= + 2,300 X 5-1,000 X 4= + 7,500 
M,= + 2,300x0-1,000x5= + 8,800 

To the right of a section seven feet from the left end there 
are two forces, the 3,000-pound load and the right reaction 
(3,700 pounds), and their arms with respect to an origin in that 
section are respectively one foot and three feet; hence 

M,=-(-3,700 X 3 + 3,000 X 1)= + 8,100 foot-pounds. 

To the right of any section between E and D there is only one 
force, the right reaction ; hence 
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M,=--(-3,700 X 2)=7;4()0 foot-pounds, 
M,=-(-3,700xl)=3,700 

Clearly M,,=0. 

2. A simple beam 10 feet long and supported at its ends 
weighs 400 pounds, and bears a uniformly distributed load of 1,600 
pounds. Compute the bending moments for sections two feet 
apart. 

Each reaction equals one-half the whole load,, that is, ^ of 
(1,600 + 400) =1,000 pounds, and the- load per foot including 
weight of the beam is 200 pounds. The forces acting on the 
beam to the left of the first section, two feet from the left end, are 
the left reaction (1,000 pounds) and the load (including weight) 
on the part of the beam to the left of the section (400 pounds). 
Tho arm of the reaction is 2 feet and that of the 400-pound force 
is 1 foot (the distance from the middle of the 400-pound load to 
the section). Hence 

M,= + 1,000 X 2-400 X 1 == + 1,600 foot-pounds. 

The forces to the left of the next section, 4 feet from the left 
end, are the left reaction and all the load (including weight of 
beam) to the left (800 pounds). The arm of the reaction is 4 feet, 
and that of the 800-pound force is 2 feet; hence 

M,= + 1,000 X 4-800 X 2= -f 2,400 foot-pounds. 

Without further explanation the student should see that 

M,= + 1,000 X 6-1,200 X 3=- + 2,400 foot-pounds, 
M,^ + 1,000 X 8-1,600 X 4= + 1,600 

Evidently M,=Mio=0. 

3. Compute the values of the bending moment in example 
1, taking into account the weight of the beam, 400 pounds. (The 
right and left reactions are respectively 3,900 and 2,500 pounds; 
see example 3, Art. 33.) 

We proceed as in example 1, except that the moment 
of the weight of the beam to the left of each section (or to 
the right when computing from forces to the right) must be 
included in the respective moment equations. Thus, computing 
from the left, 
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M, =0 

M, =+2,500x1-40X1= + 2,480 foot-pounds, 

M, =+2,500x2-l,000xl-80xl= + 3,920, 

M, =+2,500 X3-I,000x 2-120 XlJ-= + 5,320, 

M, = + 2,500 X 4-1,000 X 3-160 X 2 = + 0,080, 

M, = + 2,500 X 5-1,000 X 4-200 X 2i = + 8,000, 

M, = + 2,500 X 6-1,000 X 5-240 X 3= + 9,280. 

Computing from the right, 

M, =-(-3,900x3+3,000xl+120xli) = + 8,520, 

M, =-(-3,900x2+80xl) = + 7,720, " 

M, =-(-3,900xl+40xi)=+ 8,880, 



M,; = 0. 



EXAMPLES FOR PRACTICE. 



1. Compute the values of the bending moment for sections 
one foot apart, beginning one foot from the left end of the 
beam represented in Fig. 10, neglecting the weight of the beam. 
(The right and left reactions are 8,300 and 4,000 pounds respec- 
tively; see example 2, Art. 33.) 

^M,= - 2,100 M. =+3,400 M„= + 2,100 M„=-6,400 
M,= - 4,200 M, = + 5,300 M„= + 400 M„ =-4,800 



Ans. 
(in foot- 
pounds) 



M,= - 2,300 M- =+7,200 M„= - 1,300 M„=-3,200 

M,= - 400 M, =+5,500 M„= - 3,000 M„=-l,600 

(^ M,= + 1,500 M,.= + 3,800 M„= - 4,700 M.«= 

2. Solve the preceding example, taking into account the 
weight of the beam, 42 pounds per foot. (The right and left 
reactions are 3,780 and 4,360 pounds respectively; see example 4, 
Art. 33.) 

''M,= - 2,121 M, =+4,084 M„= + 2,799 M,.= - 6,736 
M,= - 4,284 M, =+6,071 M„=+ 976 M„= - 4,989 
M,= - 2,129 M, = +8,016 M„= - 889 M,3= - 3,284 
M,= - 16 M, = +6,319 M„= - 2,796 M„= - 1,621 
M,= + 2,055 M„= +4,580 M„= - 4,745 M»= 

3. Compute the bending moments for sections one foot 
apart, of the beam represented in Fig. 11, neglecting the weight. 
(The right and left reactions are 1,444 and 1,556 pounds respect- 
ively; see example 1, Art. 33.) 



Ans. 
(in foot- 
pounds) 
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Ads. 
(in foot- 
pounds) 



M, = + l,550 M,^ + 5,i)80 M, =-|- 6,104 M„= + 4,328 
11,^ + 3,112 M.= -|-6,936 M,.^ + 5,000 M„= + 2,884 
1[,= + 4,0G8 M, = + 6,9y2 M„ -^ + 5,216 M„= + l,440 
M,= + 5,024 M,= + 6,548 M„-^ + 4,772 M„= 

4 Compute tlie bending moments at Bections one foot apart 
in the beam of Fig, 12, taking into account the weight of the beam, 
SOO pounds, and a uniform load of 500 pounds per foot. (The 
right and lt;ft reactions are 4,870 and 11, !>;!;) pounds rt'spi'ctivelj; 
Bee Exs, U and 4, Art. 33.) 

I'M,-:- 270 M, =-19,720 M„-+ 3,aS0 M„=12,180 

Ana. M,-- - 3,080 M, = -13,300 M,.- + 0,700 M„=12,200 

(in foot. J M,= - 6,430 M, =- 7,420 M,,= \- 8,SS0 ir„= 8.0S0 

pounds) M.^-10,320 M, -^- 3,0S0 J[„=- f 10,520 M.,= 4,620 

[ M,= -14,750 M,„- + 720 M.,= + 11,020 M„= 

44. Moment Diagrams. The way in which the bending 
moment varies from section to section in a loaded beam can bo 
well represented by means of a diagram called a innmi'nt <lir/ffrf/w. 
To construct ciith a diagi-am for any loaded beam, 

1000 lbs. 2000 lbs. 3000 lbs. 



T 



ScftJeii ■ io6ooft.-lbs 

Fift. 17. 

1. Lay off a base-line just as for a shear diagram (see 
Art. 38). 

2. Draw a line such that the distance from any point of it 
to the base-line equals (by some scale) the value of the bending 
moment at the corresjwnding section of the beam, and so that the 
line is above the base where the bending moment is positive and 
below it where it is negative. (This line is called a "moment 
line.") 
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Exam.ples. 1. It iB required to construct a moment dia- 
gram for the beam o£ Fig. 17, a (a copy of Fig. 9), loaded as 
there shown. 

Layoff A'E' (Fig, 17, 5) as a base. In example 1, Art. 43, 
we computed the values of the bending moment for sections one 
foot apart, so we erect ordinates at points of A'E' one foot apart, 
to represent the bending moments. 

"NVe shall use a scale of 10,000 foot-poands to the inch; then 
the ordinates (see example 1, Art. 43, for values of M) will be: 
One foot from left end, 2,300h- 10,000 = 0.23 inch, 
Two feet " " " 3,600^10,000 = 0.36 " 
Three" " " " 4,900-h10,000 = 0.49 " 
Four " " •' " 6,200-^10,000 = 0.62 " 






ScftJa: l"- loooof t-lbs. 

Fig. 18. 

Laying these ordinates oft, and joining their ends in succession, 
we get the line A'Jci/E', which is the bending moment line. 
Fig. 17, b, is the moment diagram. 

2. It is required to construct the moment diagram for the 
beam, Fig. 18, a (a copy of Fig. 9), taking into account the weight 
of the beam, 400. pounds. 

The values of the bending moment for sections one foot apart 
were computed in example 3, Art. 43. So we have only to lay off 
ordinates equal to those vahies, one foot apart, on the base A'E' 
(Fig. IS, J). 

To a scale of 10,000 foot-pounds to the inch the ordinates 
(see example 3, Art. 43, for values of M) are: 



40 STKEXGTU OF MATERIALS 

At left end, 

One foot from left end, 2,480h- 10,000=0.248 inch 
Two feet " " » 3,920-10,000=0.392 " 
Three " " " " 5,320^-10,000=0.532 " 
Four " " " " f),ti80-HlO,000=0.668 " 
Laying tlieso ordiuatus off at the proper points, we get K'bcd^ 
as tlie moment line. 

3. It is required to construct the moment diagram for the 
cantilever beam represented in Fig, 19, a, neglecting the weight 
' of the beam. The bending moment at B equals 
--500x2=-l,000 foot-pounds; 
atC, 

-500x 5-l,0OOx 3^-5,500; 
and at D, 

^500 X 9-1 ,000x 7-2,000 X 4=-19,500. 



BOO lbs. looolbs. eooellA. 



^-^ 



Fig. 19. 
Using a scale of 20,000 foot-pounds to one inch, the ordinates 
in the bending moment diagram are: 

AtB, 1,(X)0^20,000=0.05 inch, 
" C, o,500h-20,OC'0--0.275 " 
" D, 19,500-:- 20.000=0.975 " 
Hence we lay these ordinates off. and downward because the bend- 
ing moments are negative, thus fixing the points J, c and d. The 
bending moment at A is zero; hence the moment line connects A 
J, e and tl. Further, the portions Ai, be and cl are straight, as 
can be shown by conijuiting values of the bending moment for 
sections in AB, BO and t'I>, and laying off the corresponding 
ordinatea in the moment diaj 
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4. Suppose that the cantilever of the preceding illnstratton 
sustains also a uniform load of 100 pounds jjer foot (see Fig. 20, a). 
Construct a moment diagram. 

First, we compute the values of the hending motnent at sev- 
eral sections; thus, 
M,=-600xl-100xJ=-660 foot-pounds, 
M,=-o00x 2-20OX 1=-1,200, 
. M,=-500X3-I,000xl-300X1J=-2,950, 
M.=-500x4-l,OOOx2-400x2=-4,800, 
11,=-500 x 5-1,000 x 3-500 X 2J=-6,750, 
M.=-500 X 6-l,0OOx 4-2,000 X 1-600 X 3=-10,800, 
M,=-500x 7-1,000 X 5-2,000 X 2-700 X 3J=-14,950, 
M,=-500x8-l,006x6-2,OOOx3-800x4=-19,200, 
1I,=-500 X 9-1,000 X 7-2,000 X 4-900 x 4} =-23,550. 

soolbs. looolbs. sooolbs. 



^^ 



± 



Fig. 20. 
These values all being neffative, the ordinates are all laid off 
downwards. To a scale of 20,000 foot-poiinda to one inch, they 
fix the moment line A'hcil. 

EXAnPLES FOR PRACTICE. 

1. Construct a moment diagram forthel)eam represented in 
Fig. 10, neglecting the weight of the beam." (See example 1, 
\rt. 43). 

2. Construct a moment diagram for the beam represented 
in Fig. 11, neglecting the weight of the beam. (See example 3, 
Art. 43). 

3. Construct the moment diagram for the beam of Fig. 12 
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when it sustains, in addition to the loads represented and its own 
weight (800 pounds), a uniform load of 500 pounds per foot. 
(See example 4, Art. 43.) 

4. Figs, a, cases 1 and 2, page 55, represent two cantilever 
beams, the first bearing a load P at the free end, and the second 
a uniform load W. Figs* ^ are the corresponding moment 
diagrams. Take P and W equal to 1,000 pounds, and I equal to 
10 feet, and satisfy yourself that the diagrams are correct. 

5. Figs, a^ cases 3 and 4, page 55, represent simple beams 
on end supports, the first bearing a middle load P, and the other a 
uniform load W. Figs, b are the corresponding moment dia- 
grams. Take P and W equal to 1,000 pounds, and I equal to 
10 feet, and satisfy yourself that the diagrams are correct. 

45* Maximum Bending: Moment. It is sometimes desirable 
to know the greatest or maximum value of the bending moment 
in a given case. This value can always be found with certainty 
by constructing the moment diagram, from which the maximum 
value of the bending moment is evident at a glance. But in any. 
case, it can be most readily computed if one knows the section for 
which the bending moment is greatest. If the student will com- 
pare the corresponding shear and moment diagrams which have 
been constructed in foregoing articles (Figs. 13 and 17, 14 and 
18, 15 and 19, 16 and 20), and those which he has drawn, he will 
see that — The maximum hendlny nu/iaent in a Vium occurs 
where the shear changes sign. 

By the help of the foregoing principle we can readily com- 
pute the maximum moment in a given case. AVe have only to 
construct the shear line, and observe from it where the shear 
changes sign; then compute the bending moment for that section. 
If a simple beam has one or more overhanging ends, then the shear 
changes sign more than once — twice if there is one overhanging 
end, and three times if two. In such cases we compute the 
bending moment for each section where the shear changes sign; 
the largest of the values of these bending moments is the maxi- 
mum for the beam. 

The section of maximum bending moment in a cantilever 
fixed at one end (as when built intD a wall) is always at the wall. 
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ThuSy without reference to the moment diagramB, it is readily seen 
fhat, 

for a cantilever whose length is Z, 

with an end load P, the maximum moment is PZ, 
" a uniform « W, « " " " J Wl. 

Also by the principle, it is seen that, 

for a beam whose length is 7, on end supports, 

with a middle load P, the maximum moment is J P7, 
« uniform " W, " " " « J W?. 

46. Table of Maximum Shears, Moments, etc. Table B 
on page 55 shows the shear and moment diagrams for eight 
simple cases of beams. The first two cases are built-in cantilevers; 
the next four, simple beams on end supports; and the last two, 
restrained beams built in walls at each end. In each case I 
denotes the length. 

CENTER OF GRAVITY AND TIOMENT OF INERTIA. 

It will be shown later that the strength of a beam depends 
partly on the form of its cross-section. The following discussion 
relates principally to cross-sections of beams, and the results 
reached (like shear and bending moment) will be made use of 
later in the subject of strength of beams. 

47. Center of Gravity of an Area. The student probably 
knows what is meant by, and how to find, the center of gravity of 
any flat disk, as a piece of tin. Probably his way is to balance 
the piece of tin on a pencil point, the point of the tin at which it so 
balances being the center of gravity. (Really it is midway between 
the surfaces of the tin and over the balancing point.) The center 
of gravity of the piece of tin, is also that point of it through which 
the resultant force of gravity on the tin (that is, the w^eight of the 
piece) acts. 

By "center of gravity" of a plane area of any shape we mean 
that point of it which corresponds to the center of gravity of a 
piece of tin when the latter is cut out in the shape of the area. 
The center of gravity of a quite irregular area can be found most 
readily by balancing a piece of tin or stiff paper cut in the shape 
of the area. But when an area is simple in shape, or consists of 
parts which are simple, the center of gravity of the whole can be 
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found readily by computation, and Buch a method will now be 
described. 

48. Principle of ilonients Applied to Areas. Let Fig. 21 
represent a piece of tin which has been divided off into any num- 
ber of parts in any way, the weight of the whole being W, and 
that of the parte W,, W^, Wg, etc. Let C,, C^y C,, etc., be the 
centers of gravity of the parts, C that of the whole, and ^„ e„ c,, 
etc., and c the distances from those centers of gravity respectively 
to some line (L L) in the plane 
of the sheet of tin. "\Vlien the 
tin is lying in a horizontal posi- 
tion, the moment of the weit^ht 
of the entire piece about L L is 
We, and the moments of the 
parts are WiCi, W^^^gj etc. Since 
the weight of the whole is the ^ \^ 

resultant of the weicrhts of the „. ^, 

^^1 .1 Fig. 21. 

parts, the moment of the weight 

of the whole equals the sum of the moments of the weights of the 

parts; that is, 

W(?=:TVV, + W/,+etc 

Now let A„ A2, etc. denote the areas of the parts of the pieces 
of tin, and A the area of the whole; then since the weights are 
proportional to the areas, we can replace the Ws in the preceding 
equation by corresponding A's, thus: 

Ac=A^r^ + A^r^+Gtc (4) 

If we call the product of an area and. the' distance of its 
center of gravity from some line in its plane, the "moment" of the 
area with respect to that line, then the preceding equation may be 
stated in words thus: 

T/te moment of an drea with respect to any line equals the 
algebralG sum of the moments of the p^rts of the area. 

If all the centers of gravity are on one side of the line with 
respect to which moments are taken, then all the moments should be 
given the plus sign; but if some centers of gravity are on one side 
and some on the other side of the line, then the moments of the 
9,reas whose centers of gravity are on one side should be given the 
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same sign, and the moments of the others the opposite sign. The 
foregoing is the principle of moments for areas, and it is the basis 
of all rules for finding the center of gravity of an area. 

To find the center of gravity of an area which can be divided 
up into simple parts, we write the principle in forms of equations 
for two different lines as "axes of moments," and then solve the 
equations for the unknown distances of the center of gravity of the 
whole from the two lines. We explain further by means of specific 
examples. 

Examples, 1. It is required to find the center of gravity 
of Fig. 22, a, the width being uniformly one inch. 

The area can be divided into two rectangles. Let Cj and 
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Fig. 22. 

C2 be the centers of gravity of two such parts, and C the center of 
gravity of the whole. Also let a and 5 denote the distances of C 
from the two lines OL' and OL" respectively. 

The areas of the parts are 6 and 3 square inches, and their 
arms with respect to OL' are 4 inches and \ inch respectively, and 
with respect to OL" \ inch and 1^ inches. Hence the equations of 
moments with respect to OL' and OL" (the whole area being 9 
square inches) are: 

9X« = 6X4+3X4 = 25.5, 

9XJ = 6X4+3XH=7.5. 

Hence, a = 25.5-5-9 = 2.83 inches, 

h = 7.5-f-9 = 0.83 " . 

. 2. It is required to locate the center of gravity of Fig. 22, 5, 
the width being uniformly one inch. 



53 



46 



STRENGTH OF MATERIALS 



The figure can be divided up into three rectancrles. Let Ci, C, 
and C3 be the centers of gravity of such parts, C the center of 
gravity of the whole; and let a denote the (unknown) distance of 
C from the base. The areas of the parts are 4, 10 and 4 Sijuare 
inches, and their "arms" with respect to 
the base are 2, i and 2 inches respectively; j^^l 

hence the equation of moments with re- 
spect to the base (the entire area being 18 
square inches) is: 

18Xa =4x2 + 10xi + 4x2 — 21. 

Hence, a = 21h-18 = 1.17 inches. 

From the symmetry of the area it is plain 
that the center of gravity is midway be- 
tween the sides. 



s 



— 4i' — 
Fig. 23. 



EXAMPLE FOR PRACTICE. 

1. Locate the center of gravity of 

Fig. 23. 

Ans. 2.0 inches above the base. 

49. Center of Gravity of Built-up Sections. In Yig. 24 

there are represented cross-sections of various kinds of rolled steel, 

called '*shape steel," which is used extensively in steel construction. 

Manufacturers of this material publish ''handbooks" giving full 

information in regard thereto, among other things, the position of 

the center of trravitv of each cross section. AVith such a handbook 
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P^ig. 24. 

available, it is therefore not necessary actually to compute the posi- 
tion of the center of gravity of any section, as we did in the pre- 
ceding article; but sometimes several shapes are riveted together to 
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make a "built-up" section (see Fig. 25), and then it may be neces- 
sary to compute the position of the center of gravity of the section. 
Example. It is desired to locate the center of gravity of the 
section of a built-up beam represented in Fig. 25. The beam con- 

14"^ 




^ 



^ 



(VJ 




SL 

Fig. 25. 

sists of two channels and a plate, the area of the cross-section of a 

channel being 6.03 square inches. 

Evidently the center of gravity of each channel section is 6 

inches, and that of tlie plate section is 12^ inches, from the bottom. 

Let c denote the dis- 

1 
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*PC^1.66" 



tance of the center of 
gravity of the whole 
section from the bot- 
tom; then since the 
area of the plate section 
is 7 square inches, and 
that of the whole sec- 
tion is 19.00, 



19.06X<? = 6.03 X6+ 
•6.03X6 + 7X12^ = 
^^g- 26- 158.11. 

c= 158.11-^19.00=8.30 inches. 



Hence, 

EXAMPLES FOR PRACTICE. 

1. Locate the center of gravity of the built-up section of 



4 



48 STRENGTH OF MATERIALS 



Fig. 26, ff, the area of each "angle" being 5.06 square inches, and 
the center of gravity of each being as shown in Fig. 26, h. 

Ans. Distance from top, 3.08 inches. 

2. Omit the left-hand angle in Fig. 26, a^ and locate the 
center of gravity of the remainder. 

. j Distance from top, 3.65 inches, 
°^' I " " left side, I.ID inches. 

50. iloment of Inertia. If a plane area be divided into an 
infinite number of infinitesimal parts, then the sum of the prod- 
ucts obtained by multiplying the area of each part by the scjuare 
of its distance from some line is ealled the moment of inertia of the 
area with respect to the line. The line to which the distances are 
measured is called the inertia-axis; it may be taken anywhere in 
the plane of the area. In the subject of beams (where we have 
sometimes to compute the moment of inertia of the cross-section 
of a beam), the inertia-axis is taken through the center of gravity 
of the section and horizontal. 

An approximate value of the moment of inertia of an area 
can be obtained by dividing the area into small parts (not infini- 
tesimal), and adding the products obtained by multiplying the 
area of each part by the square of the distance from its center to 
the inertia-axis. 

Exftmple. If the rectangle of Fig. 27, a, is divided into 8 
parts as shown, the area of each is one square inch, and the dis- 
tances from the axis to the centers of gravity of the parts are ^ 
and IJ inches. For the four parts lying nearest the axis the 
product (area times distance squared) is: 

lX( Vf=\\ aud for the other parts it is 

ix(4y=|. 

Hence the approximate value of the moment of inertia of the area 
with respect to the axis, is 

4(4)+*a)=io. 

If the area is divided into 32 parts, as shown in Fig. 27, J, 
the area of each part is J square inch. For the eight of the little 
squares farthest away from the axis, the distance from their centers 
of gravity to the axis is 1| inches; for the next eight it is IJ; 
for the next eight |; and for the remainder J inch. Hence an 
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approximate value of the moment of inertia of the rectangle with 
respect to the axis is : 

8XiX(l|)'+8xiX(li)'+8xiX(2)^+8xiX(i)'-10i. 

If we divide the rectangle into still smaller parts and form 
the products 

(small area) X (distance)^, 

and add the products just as we have done, we shall get a larger 
answer than lOJ. The smaller the parts into which the rec- 
tangle is divided, the larger will be the answer, but it will nevef 
be larger than 10§. This 10| is the sura corresponding to a 

division of the rectancrle into an 
infinitely large number of parts 
(infinitely small) and it is the 
exact value of the moment of 
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Fig. 27. 



§^'S-| 1 1- jy^-l I I I 1^9- inertia of the rectangle with re- 

spect to the axis selected. 

There are short methods of 
computing the exact values of the 
moments pf inertia of simple fig- 
ures (rectangles, circles, etc.,), 
but they cannot be given here since they involve the use of diflicult 
mathematics. The foregoing method to obtain a])proximate val- 
ues of moments of inertia is used especially when the area is quite 
irregular in shape, but it is given here to explain to the student 
the meaning of the moment of inertia of an area, lie should 
understand now that the moment of inertia of an area is sim- 
ply a name for such sums as we have just computed. The name, 
is not a fitting one, since the sum has nothing whatever to do with 
inertia. It was first used in this connection because the sum is 
very similar to certain other sums which had previously been 
called moments of inertia. 

51. Unit of Moment of Inertia. The product (area X dis- 
tance^) is really the product of four lengths, two in each factor ; 
and since a moment of inertia is the sum of such products, a 
moment of inertia is also the product of four lengths. Now the 
product of two lengths is an area, the product of three is a vol- 
ume, and the product of four is moment of inertia — unthinkable in 
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the way in which we can think of an area or volume, and there- 
fore the source of mucli difficulty to the student. The units of 
these quantities (area, volume, and moment of inertia) are respec- 
tively: 

the square inch, square foot, etc., 

*' cubic " , cubic " " , 

'* biquadratic inch, biquadratic foot, etc.; 

but the biquadratic inch is almost exclusively used in this connec- 
tion; that is, the inch is used to compute 
J values of moments of inertia, as in the pre- 
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■ji " 1 ceding illustration. It is often written 

yl J T thus: Inches*. 

^ 52. Moment of Inertia of a Rectang^le. 

, ftj<i3 JL Let b denote the base of a rectangle, and a 

Pi„ 2S. ^^^ altitude; then by higher mathematics it 

can be shown that the moment of inertia 
of the rectangle with res{)oct to a line through its center of gravity 
and parallel to its base, is ^\ hn\ 

Eieample, Compute the value of the moment of inertia of 
a rectangle 4x12 inches with respect to a line through its center 
of gravity and ])arallel to the long side. 

Here J = 12, and ^r = 4 inches ; hence the moment of inertia 
desired equals 

-/,(12x4')-=r)4 inches*. 

EXAHPLE FOR PRACTICE. 

1. (/Ompute the moment of inertia of a rectangle 4x12 
inches with respect to a line through its center of gravity and 
parallel to the short side. Ans. 57G inches*. 

53. Reduction Formula. In the previously mentioned 
''handbooks" there can be found tables of moments of inertia of 
all the cross-sections of the kinds and sizes of rolled shapes made. 
The inertia-axes in those tables are always taken throucxh the cen- 
ter of gravity of the section, and usually parallel to some edge of 
the section. Sometimes it is necessary to compute the moment of 
inertia of a "rolled section" with respect to some other axis, and 
if the two axes (that is, the one given in the tables, and the other) 
are parallel, then the desired moment of inertia can be easily com- 
puted from the one giv^en in the tables by the following rule: 
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The moment of inertia of an area xcith respect to any axis 
equals the moment of inertia with respect to a parallel axis 
through the center of gravity^ plus the product of the area and 
the square ofths distance hetween the axes. 

Or, if I denotes the moment of inertia with respect to any axis; 
\ the moment of inertia with respect to a parallel axis through 
the center of gravity; A the area; and d the distance between the 
axes, then 

l=\+K<P.... (5) 

Example. It is required to compute the moment of inertia 
of a rectangle 2x8 inches with respect to a line parallel to the 
long side and 4 inches from the center of gravity. 

Let I denote the moment of inertia sought, and I^ the moment 
of inertia of the rectangle with respect 
to a line parallel to the long side and 
through the center of gravity (see Fig. 
28). Then 

\.=^jla^ (see Art. 52) ; and. 
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since 5=8 inches and ^^=2 inches, 

Io=-J2^(8x2^) = 5^ biquadratic inches. 

The distance between the two inertia- 
axes is 4 inches, and the area of the 
rectangle is 16 square inches, hence 
equation 5 becomes ^^&- ^' 

1=5^ + 16x4^=261 J biquadratic inches. 

EXAMPLE FOR PRACTICE* 

1. The moment of inertia of an "angle" 2Jx2xJ inches 
(lengths of sides and width respectively) with respect to a line 
through the center of gravity and parallel to the long side, is 0.64 
inches*. The area of the section is 2 square inches, and the dis- 
tance from the center of gravity to the long side is 0.63 inches. 
(These values are taken from a "handbook".) It is required to 
compute the moment of inertia of the section with respect to a 
line parallel to the long side and 4 inches from the center of 
gravity. Ans. 32.64 inches*. 

54. Moment of Inertia of Built-up Sections. As before 
stated, beams are sometimes "built up" of rolled shapes (angles, 
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channels, etc.). The moment of inertia of such a section with 
respect to a definite axis is computed by adding the moments of 
inertia of the parts, all with reftpert to that smite axis. This is the 
method for computing the moment of any area which can be 
divided into simjtle parts. 

The moment of inertia of an area which may be regarded as 
consisting of a larger area minus other areas, is computed by sub- 
tracting from the moment of inertia of the large area those of the 
"minus areas." 

£QXimj}Ies. 1. Compute the moment of inertia of the built- 
up section represented in Fig. 30 (in part same as Fig. 25) with 
respect to a horizontal axis 
passing through the center f 1^^ >( 



of gravity, it being given ^"3|i^^~ir~^^ 



=H=3— di' 




Fig. 30. 



that the moment of inertia 
of each channel section 
with respect to a horizontal 'jj 
axis through its center of 
gravity is 128.1 inches*, 
and its area 6.03 square 
inches. 

The center of gravity of 
the whole section was found 

in the example of Art. 49 to be 8.30 inches from the bottom of 
the section; hence the distances from the inertia-axis to the 
centers of gravity of the channel section and the plate are 2.30 
and 8.95 inches respectively (see Fig. 30). 

The moment of inertia of one channel section with respect to 
the axis A A (see equation 5, Art. 53) is: 

128.1 + 0.03x2.30^=160.00 inches*. 
The moment of inertia of the plate section (rectangle) with re- 
spect to the line a 'a" (see Art. 52) is: 

_i^ ba^--V2[l^X (.V)*']=0.15 inches*; 

and with respect to the axis AA (the area being 7 scjuare inches) 

it is: 

015+7X3.95''=109.37 inches*. 

Therefore the moment of inertia of the whole section with- re- 
spect to A A is: 

2x160.00+10937=429.37 inches*. 
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2. It is required to compute tlie moment of inertia of tbe 
" hollow rectangle " of Fig, 29 with respect to a line throiigb the 
center of gravity and parallel to the short side. 

The amount of inertia of the large rectangle with respect to 
the named axis (see Art. 52) is: 

-jV(5xlO') = 41fi|; 

1 



Fig. 31. 
and the moment of inertia of the smaller one with respect to tlio 
same axis is: 

_V{4X8')= 170|; 
hence the moment of inertia of the hollow section with respect 
to the axis is: 

410| - 170§ = 24G inches'. 
EXAMPLES FOR PRACTICE. 

1, Compute the moment of inertia of the section repre- 
sented in Fig. 31, '/, about the axis AA, it being 3. OS inches 
from the top. Given also that the area of one angle section is 
5,06 square inches, its center of gravity (Fig. 31, /*) l.OtJ inches 
from tbe top, and its moment of inertia with reajject to the axis aa 
17,08 inches'. Ans. 145. S inches'. 

2. Compute tbe moment of inertia of the section of Fig. 31, a, 
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with respect to the axis BB. Given that distance of the center 
of gravity of one angle from one side is l.()6 inches (see Fig. 31, ft), 
and its moment of inertia with respect to hh 17.68 inches. 

Ans. 77.5 inche8^ 
55. Table of Centers of Gravity and floments of Inertia. 
Column 2 in Table A Inflow gives the formula for moment of 
inertia with respect to the horizontal line through the center of 
gravity. The numbers in the third column are explained in Art. 
62; and those in the fourth, in Art. SO. 

TABLE A. 

MomentA of Inertia, Section Moduli, «nd Radii of Oyratlon. 

Id each case the axis is horizoDtal and passes' through the center of gravity. 



Section. 
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Moment of 
Inertia. 



12 



a* - a,* 



12 



12 



ba'-b,a,* 
12 



0.049d* 



Section 
Modulus. 



6 



a* - a/ 



6a 



ba^ 
6 



ba'-bja,3 
6a 



0.098d3 



0.049 (d*-d/) 



0.098 



d*-d* 



Radius of 
Gyration. 



V 12 



4 



a^ -h a,^ 
12 



y 12 



V 



ba^-bja,'* 



12(ba-b,a,) 
4 



l/d^ + d,^ 



STRENGTH OF BEAMS. 

56. Kinds of Loads Considered. The loads that are applied 
to a horizontal beam are usually vertical, but sometimes forces are 
applied otherwise than at right angles to beams. Forces acting on 
beama at right angles are called transverse forces ; those applied 
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TABLE B. 



5hear ftlmgrmtus (b) and Moment DIa^aom (c) for Blffht Different Ciises (a). 
Also Values of Maximum 5liear (V), Bending floment (M), and Deflection (d). 
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V=Pa+l, M=Pab-s-l. 
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V=M W, M=HW1, d=5Wl«+384EI. 
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V=P, M=Pa, d=Pa(3lMa«)-^24EI. 
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V=MP, M=HP1, d=Pl8-5-192EI. 
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V=>^W,1 M=AW1, d=Wl8-i-3MEI. 
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parallel to a beam are called longitudinal forces ; and others are 
called inclined forces. For the present we deal only with beams 
subjected to transverse forces (loads and reactions). 

57. Neutral Surface, Neutral Line, and Neutral Axis. Wben 
a beam is loaded it may be wholly convex up (concave down), as a 
cantilever; wholly convex down (concave up), as a simple beam 
on end supports; or partly convex up and partly convex down, as 
a simple beam with overhanging ends, a restrained beam, or a con- 






AN 



Fig. 32. 

tinuous beam. Two vertical parallel lines drawn close together on 
the side of a beam before it is loaded will not be parallel after it 
is loaded and bent. If they are on a convex-down portion of a 
beam, they will be closer at the top and farther apart below than 
when drawn (Fig. 32</), and if they are on a convex-up portion, 
they will be closer below and farther a[)art above than when drawn 
(Fig. 321). 

The '* fibres " on the convex side of a beam are stretched and 
therefore under tension, while those on the concave side are short- 
ened and therefore under compression. Obviously there must be 
some intermediate fibres which are neither stretched nor shortened, 
i. e.y under neither tension nor compression. These make up 
a sheet of fibres and define a surface in the beam, which surface is 
called the neutral surface of the beam. The intersection of the 
neutral surface with either side of the beam is called the neutral 
line, and its intersection with any cross-section of the beam is 
called the neutral axis of that section. Thus, if ab is a fibre that 
has been neither lengthened nor shortened with the bending of the 
beam, then 72 ;i. is a portion of the neutral line of the beam; and, 
if Fig. 32c be taken to represent a cross-section of the beam, NN 
is the neutral axis of the section. 

It can be proved that t/ie neutral axu of any cross-section of 
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a loaded beam passes through the center of gravity of that section^ 
provided that all the forces applied to the beam are transverse, and 
that the tensile and compressive stresses at the cross-section are 
all within the elastic limit of the material of the beam. 

58. Kinds of Stress at a Cross-section of a Beam. It has 
already been explained in the preceding article that there are ten- 
sile and compressive stresses in a beam, and that the tensions are 
on the convex side of the beam and the compressions on the con- 
cave (see Fig. 33). The forces T and C are exerted upon the 
portion of the beam represented by the adjoining portion to the 




1 



or 




• Fig. 33. 

right (not shown). These, the student is reminded, are often called 
fibre stresses. 

Besides the fibre stresses there is, in general, a shearing stress 
at every cross-section of a beam. This may be proved as follows: 

Fig. 34 represents a simple beam on end supports which has 
actually been cut into two parts as shown. The two parts can 
maintain loads when in a horizontal position, if forces are applied 
at the cut ends equivalent to the forces that would act there if the 
beam were not cut. Evidently in the solid beam there are at the 
section a compression above and a tension below, and such forces 
can be applied in the cut beam by means of a short block C and a 
chain or cord T, as shown. The block furnishes the compressive 
forces and the chain the tensile forces. At first sight it appears as 
if the beam would stand up under its load after the block and 
chain have been put into place. Except in certain cases*, how- 
ever, it would not remain in a horizontal position, as would the 



'*' When the external shear for the section is zero. 
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solid beam. This shows that the forces exerted by the block and 
chain (horizontal compression and tension ) are not equivalent to 
the actual stresses in the solid beam. What is needed is a vertical 
force at each cut end. 

Suppose that R, is less than Lj +Lj+ weight of A, i. e.y that 
the external shear for the section is negative; then, if vertical pulls 
be applied at the cut ends, upward on A and downward on B, the 
beam will stand under its load and in a horizontal position, just as 
a solid beam. These pulls can be supplied, in the model of the 
beam, by means of a cord S tied to two brackets fastened on A and 




B 



Fig. 34. 



RaTZ^ 



^^ 



Fig. 35. 



B, as shown. In the solid beam the two parts act upon each 
other directly, and the vertical forces are shearing stresses, since 
they act in the plane of the surfaces to which they are applied. 

59. Relation Between the Stress at a Section and the Loads 
and Reactions on Either Side of It. Let Fig. 35 represent the 
portion of a beam on the left of a section ; and let R, denote the 
left reaction; Lj and L^ the loads; W the weight of the left part; 

C, T, and S the compression, tension, and shear respectively which 
the right part exerts upon the left. 

Since the part of the beam here represented is at rest, all the 
forces exerted upon it are balanced; and when a number of hori- 
zontal and vertical forces are balanced, then 

1. The algebraic sum of the horizontal forces equals zero. 

2. " " " " " vertical " " " 

3. " " " " " moments of all the forces with respect to 
any point equals zero. 

To satisfy condition 1, since the tension and compression are 

the only horizontal forces, t/te tejin'ton muM equal the compression. 

To satisfy condition 2, S (the internal sliear) must equal the 
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algebraic sum of all the other vertical forces on the portion, that 
is, must equal the external shear for the section; also, S must act 
up or down according as the external shear is negative or positive. 
In other words, briefly expressed, the vrUerrbdl and external %heour% 
at a section are equal and opposite. 

To satisfy condition 3, the algebraic sum of the moments of 
the fibre stresses about the neutral axis must be equal to the sum 
of the moments of all the other forces acting on the portion about 
the same line, and the signs of those sums must be opposite. (The 
moment of the shear about the neutral axis is zero.) Now, the 
sum of the moments of the loads and reactions is called the bend- 
ing moment at the section, and if we use the term resisting: mo- 
ment to signify the sum of the moments of the fibre stresses (ten- 
sions and compressions ) about the neutral axis, then we may say 
briefly that the resistiiig and the bending moments at a section are 
eqttalj and the two moments are opposite in sign. 

6o. The Fibre Stress. As before stated, the fibre stress is 
not a uniform one, that is, it is not uniformly distributed over the 
section on which it acts. At any section, the compression is most 
" intense " (or the unit-compressive stress is greatest) on the con- 
cave side; the tension is most intense (or the unit-tensile stress is 
greatest) on the convex side; and the unit-compressive and unit- 
tensile stresses decrease toward the neutral axis, at which place the 
unit-fibre stress is zero. 

If the fibre stresses are within the elastic limit, then the two 
straight lines on the side of a beam referred to in Art. 57 will still 
be straight after the beam is bent; hence the elongations and short- 
enings of the fibres vary directly as their distance from the neutral 
axis. Since the stresses (if within the elastic limit) and deforma- 
tions in a given material are proportional, the umt-fihre stress 
varies as the distance from the neutral axis. 

Let Fig. 36a represent a portion of a bent beam, 365 its cross- 
section, nn the neutral line, and NN the neutral axis. The way 
in which the unit-fibre stress on the section varies can be rep- 
resented graphically as follows: Lay ofiE ac^ by soipe scale, to 
represent the unit-fibre stress in the top fibre, and join c and n^ 
extending the line to^the lower side of the beam; also make he' equ 
to bd' and draw nc'. Then the arrows represent the unit-fibre 
stresses^for their lengths vary as their distances from the neutral axis. 
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6u Value of the Resisting Moment. If S denotes the unit- 
fibre stress in the fibre farthest from the neutral axis (the greatest 
unit'fibre stress on the cross -section), and c the distance from the 
neutral axis to the remotest fibre, while S„ Sj, S„ etc., denote the 
unit-fibre stresses at points whose distances from the neutral axis 
are, respectively, y„ y^, y„ etc. (see Fig. 36 J), then 

S 



S : Sj :: c : y,; or S^ = — y,. 
83= — y,; S,=—y,,etc. 



Also, 

Let a„ a,, a„ etc., be the areas of the cross-sections of the fibres 

dw S c 

T 




d^ 13 

Fig. 36. 

whose distances from the neutral axis are, respectively, y„ y„ y„ 
etc. Then the stresses on those fibres are, respectively, 

S, a„ Sg a.,, S3 ^3, etc.; 

s s s 

or, -^//p -y,^2, -^3^3, etc. 

The arms of these forces or stresses with respect to the neutrai axis 
are, respectively, .y„ ^2^2/3, etc.; hence their moments are 

s . s , s 

and the sum of the moments (that is, the resisting moment) is 

s s s 

—^1 y' ^-^T'^ y' -^ ^t^- =-7 ('^' 2/? -^ ^2 yl + etc.) 

Now a, y] + a., y\ + etc. is the sum of the pioducts obtained by 
multiplying each infinitesimal part of the area of the cross-section 
by the square of its distance from the neutral axis; hence, it is the 
moment of inertia of the cross-section with respect to the neutral 

axis. If this moment is denoted by I, then the value of the resist- 

, . SI 
ing moment is — 
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STRENGTH OF MATERIALS. 

PART II. 



STRENGTH OF BEAflS— (Concluded). 

62. First Beam Formula. As Bhown in the preceding 
article, the resisting and bending moments for any section of a 
beam are equal ; hence 

? = M, (6) 

all the symbols referring to the same section. This is the most 
important formula relating to beams, and will be called the " first 
beam formula." 

The ratio 1 -^ is now quite generally called the section 
modulus. Observe that for a given beam it depends only on the 
dimensions of the cross-section, and not on the material or any- 
thing else. Since I is the product of four lengths (see article 51), 
I -^ ^ is the product of three; and hence a section modulus can be 
expressed in units of volume. The cubic inch is practically always 
used; and in this connection it is written thus, inches'. See Table 
A, page 5-4, for values of the section moduli of a few simple sections. 

63. Applications of the First Beam Formula. There are 
three principal applications of equation (), which will now be ex- 
plained and illustrated. 

64. First Aj?j)liratlo?i. The dimensions of a beam and its 
manner of loading and support are given, and it is required to 
compute the greatest unit-tensile and compressive stresses in the 
beam. 

This problem can be solved by means of equation 0, written 
in this form, 

&=-,-or^- (6') 

Unless otherwise stated, we assume that the beams are uniform 
in cross -sect ion, as thev usually are; then the section modulus 
(I-^r) is the same for all sections, and S (the unit-fibre stress on 
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the remotest fibre) varies just as M varies, and is therefore greatest 
where M is a maximum.* Hence, to compute the value of the 
greatest unit-fibre stress in a given case, substitute the values of 
the section modvlus and the maxiimnn bending moment in the 
"preceding equation^ and reduce. 

If the neutral axis is equally distant from the highest and low- 
est fibres, then the greatest tensile and compressive unit-stresses 
are equal, and their value is S. If the neutral axis is unequally 
distant from the highest and lowest fibres, let c denote its distance 
from the nearer of the two, and S' the unit-fibre stress there. 
Then, since the unit-stresses in a cross-section are proportional to 
the distances from the neutral axis, 

S' o* c* 

\orS'=— S. 



S c ' c 

If the remotest fibre is on the convex side of the beam, S is tensile 
and S' compressive; if the remotest fibre is on the concave side, S 
is compressive and S' tensile. 

E, mm pies. 1. A beam 10 feet long is supported at its ends, 
and sustains a load of 4,000 pounds two feet from the left end 
(Fig. 37, ^). If the beam is 4 X 12 inches in cross-section (the 
long side vertical as usual), compute the maximum tensile and 
compressive unit-stresses. 

The section modulus of a rectangle whose base and altitude 
are b and a respectively (se« Table A, page 54), is \ba^\ hence, 
for the beam under consideration, the modulus is 

TT X 4 X 12'' = 96 inches^ 

To compute the maximum bending moment, we have, first, to find 
the dangerous section. This section is where the shear changes 
sign (see article 45); hence, we have to construct the shear dia- 
gram, or as much thereof as is needed to find w^liere the change of 
sign occurs. Therefore we need the values of the reaction. 
Neglecting the weight of the beam, the moment equation with 
origin at C (Fig. 37, «) is 

R, X 10 - 4,000 X 8 == 0, or R, = 3,200 pounds 

* Note. Because S is greatest in the section where M is maximum, this 
section is usually called the " dangerous section " of the beam. 
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Theii, constructing the shear diai^rarn, we see (Fig. 37, J) that the 

change of sign of the shear (also the dangeroiis section) is at the 

load. The value of the bending moment there is 

3,200 X 2 = 6,100 foot-pounds, 

or 6,400 X 12 = 76,800 inch-pounds. 

SubBtituting ia equation 6', we find that 

76 800 
S = — ^p — = 800 i)OHnds per square inch. 

4ooolbs. 

U— a'— ^e 6" »l 



c'(b) 



X c" (c) 

Fig. 37. 
2. It ia desired to take into account the weight of the beam 
in the preceding example, supposing the beam to be wooden. 
The Tolnme of the beam is 

^p-j- X 10 — 3^ cubic feet; 

and supposing the timber to weigh 45 pounds per cubic foot, the 
beam weighs 150 pounds ^in9igllificant compared to the. load). 
The left reaction, therefore, is 

3,200 +(-TrX loO) ^ 3,275; 
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and the shear diacrrani l(X)ks like Fig. 37, r, the shear changing 
sign at the load as before. The weight of the lK»ani to the left of 
the dangerous section is 80 pounds; hence the maximum bending 
moment equals 

3,275 X 2 - 30 X 1 = 0,520 foot-pounds, 

or 6,520 X 12 = 7S,240 inch-pounds. 

Substituting in equation (T, we find that 

78,240 
S = — ^r:. — - S15 pounds per square inch. 

The weight of the beam therefore increases the unit-stress pro- 
duced by the load at the dangerous section by 15 pounds per 
square inch. 

3. A T-bar (see Fig. 3S) 8 feet long and supported at each 
I i ^ST end, bears a uniform load of 1,200 

f N P^^^^"^^* '^'^^ moment of inertia of its 
cross -section with respect to the neu- 
^ tral axis being 2.42 inches*, compute 
cvi the maximum tensile and compressive 
* unit- stresses in the beam 
^^' ' Evidently the dangerous section 

is in the middle, and the value of the maximum bendincr moment 
(see Table B, page 55, Part I) is ^^ W/, W and / denoting the load 
and length respectively. Here 

■^ AW -- -^- X 1,200 X S -- 1,200 foot-pounds, 

or 1,200 X 12 -- 14,400 inch-pounds. 

The section modulus ecpials 2.42 -:- 2.2S ^- 1.00; hence 

^, 14.400 ^_ ^ 

' ' 1 ol" ^^ 13,585 ])ounds per square inch. 

This is the unit-fibre stress on the lowest fibre at the middle sec- 
tion, and hence is tensile. On the highest fibre at the middle 
section the unit-stress is eonipressivt*, and equals (see page (52): 

r' 7"^ 

= ~ ^ = tyryu X 13,;)S5 = 4,290 pounds per square inch. 
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EXAMPLES FOR PRACTICE. 

1. A beam 12 feet long and 6 X 12 inches in cross-section 
rests on end supports, and sustains a load of 3,000 pounds in the 
middle. Compute the greatest tensile and compressive unit- 
stresses in the beam, neglecting the weight of the beam. 

Ans. 750 pounds per square inch. 

2. Solve the preceding example taking into account the 
weight of the beam, 300 pounds 

Ans. 787.5 pounds per square inch. 

3. Suppose that a built-in cantilever projects 5 feet from the 
wall and sustains an end load of 250 pounds. The cross-section of 
the cantilever being represented in Fig. 38, compute the greatest 
tensile and compressive unit- stresses, and tell at what places they 
occur. (Neglect the weight.) 

j Tensile, 4,469 pounds per square inch. 

• I Compressive, 14,150 " " " " 

4. Compute the greatest tensile and compressive unit-stresses 
in the beam of Fig. 18, a, due to the loads and the weight of beam 
(400 pounds). (A moment diagram is represented in Fig. 18, 5; 
for description see example 2, Art. 44, p. 39.) The section of 
the beam is a rectangle 8 X 12 inches. 

Ans. 580 pounds per square inch. 

5. Compute the greatest tensile and compressive unit- stresses 
in the cantilever beam of Fig. 19, a, it being a steel I-beam whose 
section modulus is 20.4 inches^ (A bending moment diagram for 
it is represented in Fig. 19, h; for description, see Ex. 3, Art. 44.) 

Ans. 11,470 pounds per square inch. 

6. Compute the greatest tensile and compressive unit-stresses 
in the beam of Fig. 10, neglecting its weight, the cross-sections 
being rectangular 6 X 12 inches. (See example for practice 1, 
Art. 43.) 

Ans. 600 pounds per square inch. 

65. Second Application. The dimensions and the work- 
ing strengths of a beam are given, and it is required to determine 
its safe load (the manner of application being given). 

This j)roblem can be solved by means of equation written 
in this form, 

M = — (6") 
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We substitute for S the given working strength for the ma- 
terial of the beam, and for I and c their values as computed from 
the given dimensions of the cross-section; then reduce, thus 
obtaining the value of the safe resisting moment of the beam, 
which equals the greatest safe bending moment that the beam can 
stand. "We next compute the value of the maximum bending 
moment in terms of the unknown load; equate this to the value 
of the resisting moment previously found; and solve for the 
unknown load. 

In cast iron, the tensile and compressive strengths are very 
different; and the smaller (the tensile) should always be used if 
the neutral surface of tlie beam is midway between the top and 
bottom of the beam; Imt if it is unequally distant from the top 
and bottom, proceed as in example 4, following. 

Examples, 1. A wooden bv^am 12 feet long and 6 X 12 
inches in cross-section rests on end supports. If its working 
strength is 800 pounds per square inch, how large a load unifonnly 
distributed can it sustain ? 

The section modulus is J/>^^^ h and a denoting the base and 
altitude of the section (^see Table A, page 54); and here 

i ha' := 1 X 6 X 12^=- 144 inches', 
b b 

Hence S — r= 800 X 144 = 115,200 inch-pounds. 

For a beam on end supports and sustaining a uniform load, the 
maximum bending moment equals JW/ (see Table B, page 55), 
W denoting the sum of the load and weight of beam, and I the 
length. If W is expressed in pounds, then 

^ W/ = -^ W X 12 foot-pounds = - W X 144 inch-pounds. 

Hence, equating the two values of maximum bending moment 
and the safe resisting moment, we get 

Jw X 144 = 115,200; 

o • 

„ 115, 200 X 8 
or, >V = --JJ = G,400 pounds. 
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The safe load for the beam is 6,400 pounds minus the weight of 
the beam. 

2. A steel I-beam whose section modulus is 20.4 inches" 
rests on end supports 15 feet apart. Neglecting the weight of the 
beam, how large a load may be placed upon it 5 feet from one end, 
if the working strength is 16,000 pounds per square inch? 

The safe resisting moment is 

SI 

— = 16,000 X 20.4 = 326,400 inch-pounds; 
c 

hence the bending moment must not exceed that value. The 
dangerous section is under the load; and if P denotes the unknown 
value of the load in pounds, the maximum moment (see Table B, 
page 55, Part I) equals § P X 5 foot-pounds, or § P X 60 inch- 
pounds. Equating values of bending and resisting moments, 
we get 

I P X 60 = 326,400; 



or. 



P=: 



326,400X3 ^,_ , 

— 2 X 60 — ^ ' pounds. 



3. In the preceding example, it is required to take into 
account the weight of the beam. 375 pounds. 



5*- 



icy- 



R, 



AAr=375llDS. 



Fig. 39. 



!■ 



As we do not know the value of the safe load, we cannot con- 
struct the shear diagram and thus determine where the dangerous 
section is. But in cases like this, where the distributed load (the 
weight) is small compared with the concentrated load, the dan- 
gerous section is practically always where it is under the concen- 
trated load alone; in this case, at the load. The reactions due to 
the weight equal J X 375 = 187.5; and the reactions due to the 
load equal \ P and § P, P denoting the value of the load. The 
larger reaction R, (Fig. 39) hence equals § P + 187.5. Since 
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the weight of the beam per foot is 375 -r- 15 = 25 pounds, the 
maximum bending moment (at the load) equals 

( I P + 187.5) 5 - (25 X 5) 2^ = 

^ P + 937.5 - 312.5 = -^- P + 625. 

This is in foot-pounds if P is in pounds. 

The safe resisting moment is the same as in the preceding 
illustration, 826,400 inch-pounds; hence 

(^ P + 025) 12 = 326,400. 

Solving for P, we have 

10 p , go5 _ 320,400 , 

10 P + C25 X 3 - ^=^^^^?^^^ =: 81,600; 

10 P = 79,725; 

or, P = 7,972.5 pounds. 

It remains to test our assumption that the dangerous section 
is at the load. This can be done by computing K, (with P = 
7,972.5), constructing the shear diagram, and noting where the 
shear changes sign. It will be found that the shear changes sign 
at the load, thus verifying the assumption. 

4. A cast-iron built-in cantilever beam projects 8 feet from 
the wall. Its cross-section is represented in Fig. 40, and the 

moment of inertia with respect to 

I -i. I I ^ the neutral axis is 50 inches^; the 

N f-N working strengths in tension and 

J compression are 2,000 and 9,000 
— I ^ pounds per square inch respect- 
' *— ively. Compute the safe uniform 



load whidi the beam can sustain, 
neglecting the weight of the beam. 

The beam being convex up, the upper fibres are in tension 
and the lower in compression. The resisting moment (SI -r- c), 
as determined by the compressive strength, is 
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9,000 X 50 .....^. , , 
J--. = 100,000 incn-ponncis; 

and the resisting moment, as determined by the tensile strength, is 

— — ^ = 40.000 inch-pounds. 

Hence the safe resisting moment is the lesser of these two, or 
40,000 inch-pounds. The dangerous section is at the wall (see 
Table B, page 55), and the value of the maximum bending 
moment is J W/, W denoting the load and I the length. If W is 
in pounds, then 

M = J W X 8 foot-pounds = J W X 96 inch-pounds. 

Equating bending and resisting moments, we have 

i-W X 96 = 40,000; 

40.000 X 2 
or, W = ^p = 8do pounds. 

EXAMPLES FOR PRACTICE. 

1. An 8 X 8 -inch timber projects 8 feet from a wall. If its 
working strength is 1,000 pounds per sqilare inch, how large an 
end load can it safely sustain ? 

Ans. 890 pounds. 

2. A beam 12 feet long and 8 X 16 inches in cross -section, 
on end supports, sustains two loads P, each 3 feet from its ends 
respectively. The working strength being 1,000 pounds per square 
inch, compute P (see Table B, page 55). 

Ans. 9,480 pounds. 

3. An I-beam weighing 25 pounds per foot rests on end 
supports 20 feet apart. Its section modulus is 20.4 inches', and 
its working strength 16,000 pounds per square inch. Compute 
the safe uniform load which it can sustain. 

■ 

Ans. 10,380 pounds- 
66. Third AjypUcaiion. The loads, manner of support, 
and working strength of beam are given, and it is required to de- 
termine the size of cross-section necessary to sustain the load 
safely, that is, to "design the beam." 
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To solve this problem, we use the first beam formula (equation 

6), written in this form, 

2 „M. (6'") 

c ~"S" 
We first determine the maximum bending moment, and then sub- 
stitute its value for M, and the w'orking strencrth for S. Then we 
have the value of the section modulus (I -i- c) of the required 
beam. Many cross -sections can be designed, all having a given 
section modulus. AVhich one is to be selected as most suitable will 
depend on the circumstances attending the use of the beam and 
on considerations of economy. 

Exainplt'H. 1. A timber beam is to be used for sustaining 
a uniform load of 1,500 pounds, the distance between the supports 
being 20 feet. If the w^orking strength of the timber is 1,000 pounds 
per square inch, what is the necessary size of cross-section ? 

The dangerous section is at the middle of the beam ; and the 
maximum bending moment (see Table B, page 55) is 

— ^l = — X 1,500 X 20 = 3,750 foot-pounds, 

or 3,750 X 12 = 45,000 inch-pounds. 

I 45,000 ,. . , , 
Hence $ — = -i-ttttm =^ 4o mches\ 

c 1,000 

Now the section modulus of a rectangle is \ha'^ (see Table A, 

page 54, Part I); therefore, J5a^ = 45, or ba^ = 270. 

Any wooden beam (safe strength 1,000 pounds per square 
inch) whose breadth times its depth square equals or exceeds 270, 
is strong enough to sustain the load specified, 1,500 pounds. 

To determine a size, we may choose any value for i or at, and 
solve the last equation for the unknown dimension. It is best, 
however, to Select a value of the breadth, as 1, 2, 3, or 4 inches, 
and solve for a. Thus, if we try 5 -— 1 inch, we have 

a^ = 270, or a = 16.43 inches. 
This would mean a board 1 X 18 inches, which, if used, would 
have to be supported sidewise so as to prevent it from tipping or 
"buckling." Ordinarily, this would not be a good sizel 

Next try fj = 2 inches; we have 
2 X a' = 270; or (^ = 1/27O -^ 2 == 11.62 inches. 
This would require a plank 2 X 12, a better proportion than the 
first. Trying 5 = 3 inches, we have 
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3 X «' = 270 -, or a --= V'210 h- 3 = 9.49 inches. 

■ 

This would require a plauk 3 X 10 inches; and a choice between 
a 2 X 12 and a 3 X 10 plank would be governed by circumstances 
in the case of an actual construction. 

It will be noticed that we have neglected the weitrht of the 
beam. Since the dimensions of wooden beams are not fractional, 
and we have to select a commercial size next larger than the one 
computed (12 inches instead of 11.62 inches, for example), the 
additional depth is usually sufficient to provide strength for the 
weight of the beam. If there is any doubt in the matter, we can 
settle it by computing the maximum bending moment including 
the weight of the beam, and then computing the greatest unit- fibre 
stress dtie to load and weight. If this is less than the safe strength, 
the section is large enough; if greater, the section is too small. 

Thus, let us determine whether the 2 X 12-inch plank is 
strong enough to sustain the load and its own weight. The plant 
will weigh about 120 pounds, making a total load of 

1,500 + 120 = 1,620 pounds. 

Hence the maximum bending moment is 

-^Wl = —1,620 X 20 X 12 = 48,600 inch-pounds. 
Since ~ =i- ha' = 4-X 2 X 12'^ = 48, and S = JL , 

o = — J— = l,Ulo pounds per square mch. 

Strictly, therefore, the 2 X 12-inch plank is not large enough; but 
as the greatest unit-stress in it would be only 13 pounds per square 
inch too large, its use would be permissible. 

2. What size of steel I-beam is needed to sustain safely the 
loading of Fig. 9 if the safe strength of the steel is 16,000 pounds 
per square inch ? 

The maximum bending moment due to the loads was found 
in example 1, Art. 43, to be 8,800 foot-pounds, or 8,800 X 12 = 
105,600 inch -pounds. 

Hence — = %,.' tttt = 6.6 inchest 

. c 16,000 

That is, an I-beam is needed whose section modulus is a little 
larger than 6.6, to provide strength for its own weight. 
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To select a size, we need a descriptive table of I-beams, such 

as is published iu handbooks on structural steel. 

Below is an abridged copy of such a table. (The last two columns con- 
tain information for use later.) The figure illustrates a cross-section of an 
I-beam, and shows the axes referred to in the table. 

It will be noticed that two sizes are given for each depth; 
these are the lightest and heaviest of each size that are made, but 
intermediate sizes can be secured. In column 5 we find 7.3 as the 
next larger section modulus than the one required (6.6); and this 
corresponds to a 12^-pourid 6.inch I-beam, w^hich is probably the 
proper size. To ascertain whether the excess (7.3 - 6.6 = 0.70) 
in the section modulus is sufficient to provide for the weight of the 
beam, we might proceed as in example 1. In this case, however, 
the excess is quite large, and the beam selected is doubtless safe. 

TABLE C. 
Properties of Standard l-Beams 

V 









i l\ 


---2 








i! 






• 1 
Section of beam, showing axes 1-1 and 2-2. 
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EXAMPLES FOR PRACTICE. 

1. Determine the size of a wooden beam which can safely 
sustain a middle load of 2,000 pounds, if the beam rests on end 
supports If) feet apart, and its working strength is 1,000 pounds 
per square inch. Assume width G inches. • 

Ans. 6 X 10 inches. 

2. What sized steel I-beam is needed to sustain safely a 
uniform load of 200,000 pounds, if it rests on end supports 10 
feet apart, and its working strength is 16,000 pounds per square 
inch? 

Ans. 100-pound 24:-inch. 

3. AYhat sized steel I-beam is needed to sustain safely the 
loading of Fig. 10, if its working strength is 10,000 pounds per 
square inch ? 

Ans. 14:.75-pound 5-inch. 

67. Laws of Strength of Beams. The strength of a beam is 
measured by the bending moment that it can safely withstand; or, 
since bending and resisting moments are equal, by its safe resist- 
ing moment (SI -^ e). Hence the safe strength of a beam varies 
(1) directly as the working fibre strength of its material, and (2) 
directly as the section modulus of its cross-section. For beams 
rectangular in cross-section (as wooden beams), the section modu- 
lus is |/>^/", h and a denoting the breadth and altitude of the 
rectangle. Hence the strength of such beams varies also directly 
as the breadth, and as the square of the dej)th. Thus, doubling 
the breadth of the section for a rectangular beam doubles the 
strength, but doubling the depth quadruples the strength. 

The safe load that a beam can sustain varies directly as its 
resisting moment, and depends on the way in which the load is 
distributed and how the beam is supported. Thus, in the first 
four and last two cases of the table on page 55, 



M — P7, hence 


P - SI H 


- i^, 
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M - i Fl, " 


P — SSI H 


- Ic, 


M - ^V WZ, " 


"W = 12SI - 


h Ic, 



98 



74 



STRENGTH OF MATERIALS 



Therefore the safe load in all cases varies inversely with the 
length ; and for the different cases the safe loads are as 1, 2, 4, 8, 
8, and 12 respectively. 

JUxample. What is the ratio of the strengths of a plank 2 X 
10 inches when placed edgewise and when placed flatwise on its 
supports ? 

When placed edgewise, the section modulus of the plank is 
-J X 2 X 10' =- 33 J, and when placed flatwise it is J X 1(» X 2' = 
6|; hence its strengths in the two positions are as 33^ to 6j 
respectively, or as 5 to 1. 

EXAMPLE FOR PRACTICE. 

What is the ratio of the safe loads for two beams of wood, 

one being 10 feet long, 3 X 12 inches in section, and having its load 

in the middle; and the other 8 feet long and 2x8 inches in section, 

with its 'load uniformly distributed. 

Ans. As 135 to 100. 

68. Modulus of Rupture. If a beam is loaded to destruction, 

and the value of the bending nioment for the rupture stage is 

computed and substituted for M in the formula SI h- t» = M, then 

the value of S computed from the equation is the modulus of 

rupture for the material of the beam. Many experiments have 

been performed to ascertain the moduli of rupture for different 

materials and for different grades of the same material. The fol- 

owing are fair values, all in pounds per square ineh: 

TABLE D. 

Moduli of Rupture. 



Timber: 

Spruce 

Hemlock 

White pine 

Long-leaf pine.. . 
Short-leaf pine. . 
Douglas spruce.. 

White oak 

Fed oak 

Stone: 

Sandstone 

Limestone 

Granite 



4.000 
3,5(X) 
5.500 
10,0(X) 
8,tlCK) 
4, COO 
7,500 
9.000 



- 7,000, average 

7,(KK.), 

10,500, 

16.000, 

14,000, 

r2,o(X), 

18.5(]0, 
] 5.000, 



5,000 
4.500 
S.OCK) 
] 2^500 
10,000 
8.(K!0 

laiooo 

11,5(X) 



400— 1,2CK), 
41K) 1,(X)0. 
8(X) 1,400. 



Cast iron : 



Hard steel : 



One and one-half to two and 
one-quarter times iti* ulti- 
mate tensile strength. . 

iVarTelTfrom 100,(XK) tiTl 50000 
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Wrought iron and structural steels have no modulus of rup- 
ture, as specimens of those materials will " bend double," but not 
break. The modulus of rupture of a material is used principally 
as a basis for determining its working strength. 21ie factor of 
safety of a loaded heam is com put td by dividing the inodulus 
of rupture of its material hy the greatest unit-Hbre stress in 
the heam. 

69. The Resisting 5hear. The shearing stress on a cross- 
section of a loaded beam is not a uniform stress; that is, it is not 
uniformly distributed over the section. In fact the intensity or 
unit-stress is actually zero on the highest and lowest fibres of a 
cross-section, and is greatest, in such beams as are used in prac- 
tice, on fibres at the neutral axis. In the following article we 
explain liow to find the maximum value in two cases — cases which 
are practically important. 

70. Second Beam Formula. Let S^ denote the average 
value of the unit-shearing stress on a cross-section of a loaded 
beam, and A the area of the cross-section. Then the value of the 
whole shearing stress on the section is : 

Resisting shear = S3 A. 

Since the resisting shear and the external shear at any section of a 
beam are equal (see Art. 59), 

S, A = V. (7) 

This is called the '^ second beam formula " It is used to investi- 
gate and to design for shear in beams. 

In beams uniform in cross-section,' A is constant, and Sg is 
greatest in the section for which V is greatest. Hence the great- 
est unit-shearing stress in a loaded beam is at the neutral axis of 
the section at which the external shear is a maximum. There is 
a formula .for computing this maximum value in any case, but it 
is not simple, and we give a simpler method for computing the 
value in the two practically important cases: 

1. In wooden beams (rectangular or square in cross-section), the 
greatest unit-shearing stress in a section is 50 per cent larger than the average 
value 8,. 

2. In I-beams, and in others with a thin vertical web, the greatest 
unit-shearing stress in a section practically equals S„ as given by equation 7, 
if the area of the web is substituted for A. 
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Exdinjdts. 1. What is the greatest value of the unit- 
shearing stress in a wooden beam 12 feet long and 6 X 12 inches in 
cross-section when resting on end supports and sustaining a uni- 
fonn load of 0,400 pounds ? (This is the safe load as determined 
by working fibre stress; see example 1, Art. 05.) 

The maximum external shear equals one-half the load (see 
Table B, page 55), and comes on the sections near the supports. 

Since A ^ 6 X 12 = 72 square inches; 

3,200 
Sg = — >-^ = 44 pounds per square inch, 

and the greatest unit-shearing stress equals 
q q 

"9- Sg = -^ 44 = GO pQunds per square inch. 

Apparently this is very insignificant; but it is not "negligible, as 
is explained in the next article. 

2. A steel I-beam resting on end supports 15 feet apart 
sustains a load of 8,000 pounds 5 feet from one end. The weight 
of the beam is 375 pounds, and the area of its web section is 8.2 
square inches. (This is the beam and load described in examples 
2 and 3, Art. 05.) What is the greatest unit-shearing stress ? 

The maximum external shear occurs near the support where 
the reaction is the greater, and its value equals that reaction. 
Calling that reaction R, and taking moments about the other end 
of the beam, we have 

R X 15 - 375 X 7-2" - 8,000 X 10 = 0; 

therefore 15 R = 80,000 + 2,812.5 = 82,812.5; 

or, R =^ 5,520.8 pounds. 

5 520.8 
Hence Sg = \> 9 ^= 1,725 pounds per square inch. 

EXAMPLES FOR PRACTICE. 

1. A wooden beam 10 feet long and 2 X 10 inches in cross- 
section sustains a middle load of 1,000 pounds. Neglecting the 
weight of the beam, compute the value of the greatest unit-shearing 

gtress. 

Ans. 37.5 pounds per square inch. 
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2. Solve the preceding example taking into account the 
weight of the beam, GO pounds. 

Ans. 40 pounds per square inch. 

3* A wooden beam 12 feet loner and 4 X 12 inches in cross- 
section sustains a load of eS,000 pounds 4 feet from one end. 
Neglecting the weight of the beam, compute the value of the 
greatest shearing unit-stress. 

Ans. 02.5 pounds per square inch. 

ju Horizontal 5hear. It can be proved that there is ^ 
shearing stress on every horizontal section of a loaded beam. An 
experimental explanation will have to suffice here. Imagine a 
pile of six boards of equal length supported so that they do not 
bend. If the intermediate supports are removed, they will bend 
and their ends will not be flush but somewhat as represented in 
Fig. 41. This indicates that the boards slid over each other during 
the bending, and hence there was a rubbing and a frictional re- 
sistance exerted by the boards iipon each other. Now, when a 
solid beam is being bent, there is an exactly similar tendency for 
the horizontal layers to slide over each other; and, instead of a 
frictional resistance, there exists shearing stress on all horizontal 
sections of the beam. 

In the pile of boards the amount of slipping is different at 
different places between any two boards, being greatest near the 
supports and zero -midway between them. Also, in any cross- 
section the slipj)age is least between the upper two and lower two 
boards, and is greatest between the middle two. These facts indi- 
cate that the shearing unit-stress on horizontal sections of a solid 
beam is greatest in the neutral surface at the supports. 

It can be proved that at any place in a beam the shearing 
unit-stresses on a horizontal and on a vertical section are equal. 





Fig. 41. Fig. 42. 

It follows that the horizontal shearing unit-stress is greatest at the 
neutral axis of the section for which the external shear (V) is a 
maximum. Wood being very weak in shear along the grain, 
timber beams sometimes fail under shear, the "rupture" being 
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two horizontal cracks along the neutral surface somewhat as rep- 
resented in Fig. 42. It is therefore necessary, when dealing with 
timber beams, to give due attention to their strength as determined 
by the working strength of the material in shear along the grain. 

JExamjyle. A wooden beam 3 X 10 inches in cross-section 
rests on end supports and sustains a uniform load of 4,000 pounds 
Compute the greatest horizontal unit-stress in the beam. 

The maximum shear equals one-half the load (see Table B, 
page 55), or 2,000 ])ounds. Hence, by equation 7, since A = 
3 X 10 = 30 square inches, 

^ 2,000 2 ' 

bg = — TTj. - = oO-^ pounds per square men. 

This is the average shearing uni -stress on the cross-sections near 
the supj)orts; and the greatest value equals 

3 2 

^ X OG— = 100 pounds per square inch. 

According to the foretjoing, this is also the value of the 
greatest horizontal shearing unit-stress. (If of white pine, for 
exam])le, the beam would not be regard^^d as safe, since the ulti- 
mate sliearing strength along the grain of selected pine is only 
about 400 pounds per square inch.) 

72. Desig^n of Timber Beams. In any case we may pro- 
ceed as follows: — (1) Determine the dimensions of- the cross- 
section of the beam from a consideration of the fibre stresses as 
explained in Art, GO. (2) With dimensions thus determined, com- 
pute the value of the greatest shearing unit-stress from the formula, 

3 

Greatest shearing unit-stress = — Y -f- ab, 

where V denotes the maximum external shear in the beam, and 
b and a the l)readth and depth of the cross-section. 

If the value of tlie greatest shearing unit -stress so computed, 
does not exceed the working strength in shear along the grain, 
then the dimensions are larcje enoutxh; but if it exceeds that value, 
then a or i, or both, sliould be increased until f V -^ ai is less 
than the working strength. Jk^'ause timber beams are very often 
"season checked" (cracked) along the neutral surface, it is advis- 
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able to take the working strength of wooden beams, in shear along 
the grain, quite low. One-twentieth of the working fibre strength 
has been recommended* for all pine beams. 

If the working strength in shear is iaken equal to one- 
Lwentieth the working fibre strength, then it can be shown that, 

1. For a beam on end supports loaded in the middle, the safe load de- 
pends on the shearing or fibre strength according as the ratio of length to 
depth {I -^ a) is less or greater than 10. 

2. For a beam on end supports uniformly loaded, the safe load depends 
on the shearing or fibre strength accordirg as / -^ a is less or greater than 20. 

Examples, 1. It is required to design a timber beam to sus- 
tain loads as represented in Fig. 11, the working fibre strength 
being 550 pounds and the working shearing strength 50 pounds 
per square inch. 

The maximum bending moment (see Example for practice 3, 
Art. 43; and example for practice 2, Art. 44) equals practically 
7,000 foot-pounds or, 7,000 X 12 = 84,000 inch-pounds. 
Hence, according to equation 6'", 

— = ~Ji,rr- = 152.7 inches'. 
c 5oO 

Since for a rectangle 

c o 

-i ha? = 152.7, or ba^ = 916.2. 
o 

Now, if we let J = 4, then a^ = 229; 

or, a = 15.1 (practically 16) inches. 

If, again, we let 6 = 6, then a^ =■ 152.7; 

or a = 12.4 (practically 13) inches. 

Either of these sizes will answer so far as fibre stress is concerned, 
but there is more "timber" in the second. 

The maximum external shear in the beam equals 1,556 
pounds, neglecting the weight of the beam (see example 3, Art. 
37; and example 2, Art. 38). Therefore, for a 4 X 16-inch beam, 

* See " Materials of Constniction."— Johnson. Page 55. 
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(.Treatest shearing unit-stress =— r X i — -^2> 

^ 2 4 X 16 

= 30.5 pounds per square inch; 
and for a 6 X ll-incli beam, it equals 

~9~ ^ /* I. ^ j^ = 27.7 pounds per square inch. 

Since these values are less than the working strength in shear, 
either size of beam is safe as regards shear. 

If it is desired to allow for weight of beam, one of the sizes 
should be selected. First, its weight should be computed, then 
the new reactions, and then the unit-fibre stress may be com- 
puted as in Art. 64, and the greatest shearing unit-stress as in the 
foregoing. If these values are within the working values, then 
the size is large enough to sustain safely the load and the weight 
of the beam. 

2. What is the safe load for a white pine beam 9 feet long 
and 2x12 inches in cross-section, if the beam rests on end supports 
and the load is at the middle of the beam, the working fibre 
strength being 1,000 pounds and the shearing strength 50 ])ounds 
per square inch. 

The ratio of the length to the depth is less than 10; hence 

the safe load depends on the shearing strength of the material 

Calling the load P, the maximum external shear (see Table B, 

page 55) equals ^ P, and the formula for greatest shearing unit 

stress becomes 

3 1. p 

50 = ~9~X Q^-TT^; or P = 1,000 pounds. 

EXAMPLES FOR PRACTICE. 

« 

1. What size of wooden beam can safely sustain loads as in 
Fig. 12, with shearing and fibre working strength equal to 50 and 
1,000 pounds j)er square inch respectively ? 

Ans. 6x12 inches 

2. What is the safe load for a wooden beam 4 X 11 inches, 
and IS feet long, if the beam rests on end supports and the load 
is uniformly distributed, with working strengths as in example 1? 

Ans. 3,730 pounds 
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73. Kinds of Loads and Beams. We shall now discuss the 
strength of beams under long:itudinal forces (acting parallel to 
the beam) and transverse loads. The longitudinal forces are 
supposed to be applied at the ends of the beams and along the axis* 
of the beam in each case. We consider only beams resting on 
end supports. 

The transverse forces produce bending or flexure, and the 
longitudinal or end forces, if pulls, produce tension in the beam; 
if pushes, they produce compression. Hence the cases to be con- 
sidered may be called " Combined Flexure and Tension " and 
" Combined Flexure and Compression." 

74. Flexure and Tension. Let Fig. 43, cr, represent a beam 
subjected to the transverse loads L„ L^ and L3, and to two equal 
end pulls P and P. The reactions R^ and R^ are due to the trans- 
verse loads and can be computed by the methods of moments just 
as though there were no end pulls. To find the stresses at any 
cross-section, we determine those due. to the transverse forces 
(L„ Lj, L3, R, and R.^) and those due to the longitudinal; then 
combine these stresses to get the total effect of all the applied 
forces. 

The stress due to the transverse forces consists of a shearing 
stress and a fibre stress; it will be called the flexural stress. The 
fibre stress is compressive above and tensile below. Let M denote 
the value of the bending moment at the section considered; c, and 
Cj the distances from the neutral axis to the highest and the low- 
est fibre in the section; and S, and S^ the corresponding unit-fibre 
stresses due to the transverse loads. Then 

S, = -^; and S.^ = -y^. 

The stress due to the end pulls is a simple tension, and it equals 
P; this is sometimes called the direct stress. Let S^ denote the 
unit-tension due to P, and A the area of the cross-section; then 

S - ^ 
^o - A • 

Both systems of loads to the left of a section between L, and 



* Note. By " axis of a beam " is meant the line through the centers of 
gravity of all the cross-sections. 
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Lj are represented in Fig. 43, J; also the stresses caused by them 
at that section. Clearly the effect of the end pulls is to increase the 



H 



K 



IbLJhl 



K 



^ 



1^. s, 








ScS. 



5«-»-3o 



3, + 3, 



tensile stress (on the lower 
fibres) and to decrease the 
compressive stress (on the 
upper fibres) due to the flex- 
ure. Let Sc denote the total 
(resultant) unit-stress on the 
upj)er fibre, and S^ that on 
the lower fibre, due to all 
the forces acting on the beam. 
In combining the stresses 
there are two cases to con- 
sider: Fig. 43. 

(1) The flexural compressive unit-stress on the upper fibre Ib 
greater than the direct unit-stress; that is, S, is greater than S^. 
The resultant stress on the upper fibre is 

^c = S, - Sq (compressive) ; 
and that on the lower fibre is 

S^ = S3 + So (tensile). 

The combined stress is as represented in Fig. 43, c, part tensile 
and part compressive. 

(2) The flexural compressive unit-stress is less than the 
direct unit-stress; that is, S, is less than S^. Then the combined 
unit-stress on the upper fibre is 

^c == Sq ~- ^1 
and that on the lower fibre is 

St = Sj + Sq 

The combined stress is represented by Fig. 43, dy and is all 
tensile. 

Example, A steel bar 2x6 inches, and 12 feet long, is sub- 
jected to end pulls of 45,000 pounds. It is supported at each 
end, and sustains, as a beam, a uniform load of 6,000 pounds. 
It is required to compute the combined unit-fibre stresses. 

Evidently the dangerous section is at the middle, and M = 
|.WZ;thati8, 



(tensile); 



(tensile). 



STRENGTH OF MATERIALS 83 

M = 4- X 6,000 X 12 = 9,000 foot-pounds, 

O 

or 9,000 X 12 = 108,000 inch-pounds. 

The bar being placed with the six-inch side vertical, 

c^ z= 0^ z= S inches, and 

I=J^X2X6» = 36 inches*. (See Art. 52.) 

„ ^ ^ 108,000X3 ,.^^^ , . , 

Hence bj = S^ = —^, = 9,000 pounds per square inch. 

Since A = 2 X 6 = 12 square inches, 

c 45,000 o,>Kn J 

Oq = — 2— — = d,750 pounds per square inch. 

The greatest value of the combined compressive stress is 

B, - Sq = 9,000 - 3,750 = 5,250 pounds per square inch, 
and it occurs on the upper fibres of the middle section. The great- 
est value of the combined tensile stress is 

83 + 8^ = 9,000 + 3,750 = 12,750 pounds per square inch, 
and it occurs on the lowest fibres of the middle section. 

EXAnPLE FOR PRACTICE. 

Change the load in the preceding illustration to one of 6,000 

pounds placed in the middle, and then solve. 

A j Sq = 14,250 pounds per square inch. 
^^^' ] Sfc = 21,750 " '' . " "' 

75. Flexure and Compression. Imagine the arrowheads on 
P reversed; then Fig. 43, a, will represent a beam under com- 
bined flexural and compressive stresses. The flexural unit-stresses 
are computed as in the preceding article. The direct stress is a 
compression equal to P, and the unit-stress due to P is computed 
as in the preceding article. Evidently the effect of P is to increase 
the compressive stress and decrease the tensile stress due to the 
flexure. In combining, we have two cases as before: 

(1) The flexural tensile unit-stress is greater than the 
direct unit-stress; that is, S^ is greater than S^. Then the com- 
bined unit-stress on the lower fibre is 
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St = Sj - Sq (tensile) ; 
and that on the upj)er fibre is 

Sg = S, + Sq (corapressive). 
The combined fibre stress is represented by Fig. 44, a^ and is part 
tensile and part compressive. 

(2) The flexural unit-stress on the lower fibre is less than 
the direct unit-stress; that is, S.^ is less than S^. Then the com- 
bined unit-stress on the lower fibre is 

St = Sq - Sg (compressive); 
and that on the upper fibre is 

Sc = Sq + Sj (compressive). 
The combined fibre stress is represented by 
Fig. 44, 5, and is all compressive. 

Example, A piece of timber 6x6 
inches, and 10 feet long, is subjected to end 
jmshes of 9,000 pounds. It is supported in 
a horizontal position at its ends, and sustains 
a middle load of 400 pounds. Compute the 
combined fibre stres.ses. 

Evidently the dangerous section is at the 
middle, and M — J P/; that is. 



t 



Fig. 44, 



or 



Since 



M = I X 400 X 10 = 1,000 foot-pounds, 

1,000 X 12 = 12,000 inch-pounds. 
c^ rzr r.^ = 3 inches, and 

I = _ W =3 y^ X 6 X 6« = 108 inches*. 



S. = S„ = 



12,000 X 3 

108 



333-^ pounds per square inch. 



Since A = X 6 = 36 square inches, • 

9,000 ^^^ , 

S^ = __= 2o0 pounds per square inch. 

Hence the greatest value of the combined compressive stress is 

Sq + Sj = 333 -IT- + 250 = 583-7T- pounds per square inch. 
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It occurs on the upper fibres of the middle section. The greatest 
value of the combined tensile stress is 

Sj - Sq = 333-^- - 250 = 83-77- pounds per square inch. 
It occurs on the lowest fibres of the middle section. 

EXAiVlPLE FOR PRACTICE. 

Change the load of the preceding illustration to a uniform 

load and solve. 

. ( Sg = 417 pounds per square inch. 

^^°^- I St = 83 " " '' " (compression). 

76. Combined Flexural and Direct Stress by flore Exact 
Formulas. The results in the preceding articles are only approxi- 
mately correct. Imagine the 
besim represented in Fig. 45, a^ 
to be first loaded with the trans- 
verse loads alone. They cause 
the beam to bend more or less, 
and produce certain flexural 
stresses at each section of the 
beam. Now, if end pulls are 
applied they tend to straighten 
the beam and hence diminish the flexural stresses. This effect 
of the end pnlls was omitted in the discussion of Art. 74, and 
the results there given are therefore only approximate, the 
value of the greatest combined fibre unit-stress (S^) being too 
large. On the other hand, if the end forces are pushes, they in- 
crease the bending, and therefore increase the flexural fibre stresses 
already caused by the transverse forces (see Fig. 45, b). The 
results indicated in Art. 75 must therefore in this case also be 
regarded as only approximate, the value of the greatest unit- 
fibre stress (S^j) being too small. 

For beams loaded in the middle or with a uniform load, the 
following formulas, which take into account the flexural effect of 
the end forces, may be used : 

M denotes bending moment at the middle section of the beam; 
I denotes the moment of inertia of the middle section with 
respect to the neutral axis; 




Fig. 45. 
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Sj, Sg, <?, and c^ have the same meanings as in Arts. 74 and 
75, but refer always to the middle section ; 

I denotes length of the beam ; 

E is a number depending on the stiffness of the material, the 
average values of which are, for timber, 1,500,000; and for struc- 
tural steel 30,000,000.* 

S=-J^,and S, ^"" 



lOE lOE 

The plus sign is to be used when the end forces P are pulls, and 
the minus sign when they are pushes. 

It must be remembered that S, and S,. are flexural unit- 
stresses. The combination of these and the direct unit-stress is 
made exactly as in articles 74 and 75. 

Examples, 1. It is required to apply the formulas of this 
article to the example of article 74. 

As explained in the example referred to, M = 108,000 inch- 
pounds; Cj= c^= 3 inches; and I = 36 inches*. 
Now, since Z = 12 feet = 144 inches, 

^ ^ 108,000 X 3 324,000 ' 

^^ = ^^ = ,, 45,000 X 14 4^ = 36qF3li = ^'^^^ P^^^"^« 

^^ + 10 X 30,000,000 
per square inch, as compared with 9,000 pounds per square inch, 
the result reached by the use of the approximate formula. 
As before, Sq = 3,750 pounds per square inch; hence 

Sg = 8,284- 3,750 = 4,534 pounds per square inch; 
and St = 8,284 + 3,750 = 12,034 « « " « 

2. . It is required to apply the formulas of this article to the 
example of article 75. 

As explained in that example, 

M = 12,000 inch-pounds; 
c^ = 6*2 =^-- 3 inches, and I = 108 inches*. 
Now, since I = 120 inches, 

^ ^ 12,000 X 3 36,000 _ __ , 

^ 10 X 1,500,000 

* Note. This quantity " E " is more fully explained in Article 95. 
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per square inch, as compared with 333J pounds per square inch, 
the result reached by use of the approximate method. 
As before, Sq =-= 250 pounds per square inch; hence 

Sc = 362 + 250 = 612 pounds per square inch; and 
St = 362 - 250 =^ 112 « " « " . 

EXAMPLES FOR PRACTICE. 

1. Solve the example for practice of Art. 74 by the formulas 

of this article. 

A j Sq = 12,820 pounds per square inch. 
^^^- } Sfc = 20,320 " " 

2. Solve the example for practice of Art. 75 by the formulas 
of this article. 

A i Sc = 430 pounds per square inch. 

' ( Sfc = 70 " " " " (compression). 

STRENQTH OF COLUHNS. 

A stick of timber, a bar of iron, etc., when used to sustain 
end loads which act lengthwise of the pieces, are called columns, 
posts, or struts if they are so long that they would bend before 
breaking. When they are so short that they would not bend 
before breaking, they are called short blocks, and their compres- 
sive strengths are computed by means of equation 1. The strengths 
of columns cannot, however, be so simply determined, and we now 
proceed to explain the method of computing them. 

77. End Conditions. The strength of a column depends in 
part on the way in which its ends bear^ or are joined to other 
parts of a structure, that is, on its " end conditions." There are 
practically but three kinds of end conditions, namely: 

1. " Hinge " or " pin " ends, 

2. " Flat " or " square " ends, and 

3. "Fixed" ends. 

(1) When a column is fastened to its support at one end by 
means of a pin about which the column could rotate if the other 
end were free, it is said to be "hinged'* or "pinned" at the 
former end. Bridge posts or columns are often hinged at the ends. 

(2) A column either end of which is flat and perpendicular 
to its axis and bears on other parts of the structure at that surface, 
is said to be " flat " or *" square" at that end. 
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(3) Columns are Bometinies riveted near their ends directly 
to other parts of the structure and do not bear directly on their 
ends; such are called " fixed ended." A column which bears on its 
flat ends is often fastened near the ends toother parts of the struc- 
ture, and such an end is also said to be " fixed." The fixing of an 
end of-a column stiffens and therefore strengthens it more or less, 
but the strength of a column with fixed ends is computed as 
though its ends were flat. Accordingly we have, so far as strength 
is concerned, the following classes of columns : 

78. Classes of Columns. - (1) Both ends hinged or pinned; 
(2) one end hinged and one flat; (3) both ends flat. 

Other things being the same, columns of these three classes 
are unequal in strength. Columns of the first class are the 
weakest, and those of the third class are the strongest. 
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79. Cross-sections of Columns. Wooden columns are usu- 
ally solid, square, rectangular, or round in section; but sometimes 
they are "built up" hollow. Cast-iron columns are practically 
always made hollow, and rectangular or round in section. Steel 
columns are made of single rolled shapes — angles, zees, channels, 
etc.; but the larger ones are usually " built up" of several shapes. 
Fig. 46, /?, for example, represents a cross -section of a "Z-bar" 
column; and Fig. 46, J, that of a "channel" column. 

80. Radius of Gyration. There is a quantity appearing in 
almost all formulas for the strength of columns, which is called 
"radius of gyration." It depends on the form and extent of the 
cross-section of the column, and may be defined as follows: 
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The radius of gyration of any plane figure (as the section of a column) 
with respect to any line, is such a length that the square of this length mul- 
tiplied by the area of the figure equals the moment of inertia of the figure 
with respect to the given line. 

Thus, if A denotes the area of a figure; I, its moment of in- 
ertia with respect to some line; and /•, the radiuc of gyration 
with respect to that line; then 

7^K = I; or r = Vl -^ A. (9) 

In the column formulas, the radius of gyration always refers to an 
axis through the center of gravity of the cross-section, and usually 
to that axis with respect to which the radius of gyration (and mo- 
ment of inertia) is least. (For an exception, see example 3, 
Art. 83.) Hence the radius of gyration in this connection is often 
called for brevity the " least radius of gyration," or simply the 
" least radius." 

Examples. ■ 1. Show that the value of the radius of gyration 
given for the square in Table A, page 54, is correct. 

The moment of inertia of the square with respect to the axis 
is -jV^*. Since A == a', then, by formula 9 above, 



T == 



^^a*^a^ = ^j^a' = a^j^^. 



2. Prove that the value of the radius of gyration given for 
the hollow square in Table A, page 54, is correct. 

The value of the moment of inertia of the square with respect 
to the axis is -^\ {a* - a*). Since A = a^ - a^^ 



^K-.O ,1 

EXAHPLE FOR <PRACTlCe. 

Prove that the values of the radii of gyration of the other fig- 
ures given in Table A, page 54, are correct. The axis in each 
case is indicated by the line through the center of gravity. 

8i. Radius of Gyration of Built-up Sections. The radius of 
gyration of a built-up section is computed similarly to that of any 
other figure. First, we have to compute the moment of inertia of 
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the section, as explained in Art. 54; and then we use formula 9,aa 
in the examples of the preceding article. 

Exinnple. It is required to compute the radius of gyration 
of the section represented in Fig. 30 (page 52) with respect to the 
axis AA. 

In example 1, Art. 54, it is shown that the moment of inertia 
of the section with respect to the axis AA is 429 inches*. The 
area of the whole section is 

2 X 6.03 + 7 = 19.06; 

hence the radius of gyration r is 

EXAMPLE FOR PRACTICE. 

Compute the radii of gyration of the section represented in 
Fig. 31, a^ with respct to the axes AA and BB. (See examples 

for practice 1 and 2, Art. 54.) 

. ( 2.87 inches. 

Ans. { ^ ^^ 

\ 2.09 " 

83. Kinds of Column Loads. When the loads applied to a 

column are such that their resultant acts through the center of 

gravity of the top section and along the axis of the column, the 

column is said to be centrally loaded. When the resultant of the 

loads does not act through the center of gravity of the top 

section, the column is said to be eccentrically loaded. All the 

following formulas refer to columns centrally loaded. 

83. Rankine's Column Formula. When a perfectly straight 
column is centrally loaded,, then, if the column does not bend and 
if it is homogeneous, the stress on every cross-section is a uniform 
compression. If P denotes the load and A the area of the cross- 
section, the value of the unit-compression is P -v- A. 

On account of lack of straightness or lack of uniformity in 
material, or failure to secure exact central application of the load, 
the load P has what is known as an " arm " or " leverage " and 
bends the column more or less. There is therefore in such a 
column a bending or flexural stress in addition to the direct com- 
pressive stress above mentioned; this bending stress is compressive 
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on the concave side and tensile on the convex. The value of the 
stress per unit-area (unit-stress) on the fibre at the concave side, 
according to equation 6, is M<? -^ I, where M denotes the bending 
moment at the section (due to the load on the column), c the 
distance from the neutral axis to the concave side, and I the 
moment of inertia of the cross-section with respect to the neutral 
axis. (Notice that this axis is perpendicular to the plane in 
which the column bends.) 

The upper set of arrows (Fig. 47) represents the direct com- 
pressivQ^ stress; and the second set the bending stress if the load 
is not excessive, so that the stresses are within the elastic limit of 
the material. The third set represents the combined stress that 
actually exists on the cross-section. The greatest combined unit- 
stress evidently occurs on the fibre at the concave side and where 

the deflection of the column is greatest. The 
stress is compressive, and its value S per unit- 
area is given by the formula, 

Now, the bending moment at the place of 

greatest deflection equals the product of the 

load P and its arm (that is, the deflection). 

* ' ** Calling the deflection d, we have M = Pd'^ and 

this value of M, substituted in the last equa 

tion, gives 




-: : 




Fig. 47. 



^ = A + -r' 



Let 7* denote the radius of gyration of the cross-section with respec 
to the neutral axis. Then I = A?^ (see equation 9); and this 
value, substitu^^ed in the last equation, gives 

_ P Pdc P .^ , do 

^ ^ X + A? - X ^^ + 1^^" 

According to the theory of the stiffness of beams on end sup- 
ports, deflections vary directly as the square of the length /, and in- 
versely as the distance c from the neutral axis to the remotest fibre 
of the cross -section. Assuming that the deflections of columns 
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follow the same laws, we may write d = k {P -^ c), where k is 

some constant depending on the material of the column and on the 

end conditions. Substituting this value for d in the last equation, 

we find that 

P P 

P S 



and 



P=: 



l + A-pr 
SA 



1 + k 



!1 



(lO) 



Each of these (usually the last) is known as " Rankine's formula.'^ 

For mild-steel columns a certain large steel company uses S = 50,000 
pounds per square inch, and the following values of k: 

1. Columns with two pin ends, A; = 1 -i- 18,000. 

2. " " one flat and one pin end. A; = 1 -s- 24,000. 

3. " " both ends flat, ' , A; = 1 -*- 36,000. 

With these values of S and k, P of the fonnula means the ultimate load» 
that is, the load causing failure. The safe load equals P divided by the 
selected factor of safety — a factor of 4 for steady loads, and 5 for moving 
loads, being recommended by the company referred to. The same unit is to 
be used for { and r. 

Cast-iron columns are practically always made hollow with 

comparatively thin walls, and are usually circular or rectangular 

in cross-section. Th*^ following modifications of Rankine's formula 

are sometimes used: 



For circular sections. 



For rectangular sections, — 



80,000 



w 



fi 



p 

A. 



6(X) d^ 

Bo.oao 



1 + 



/-' 



1,000 da 



(IO-) 



^ 



In these formulas d denotes the outside diameter of the circular sec- 
tions or the length of the lesser side of the rectangular sections. The same 
unit is to be used for I and d, 

Eicamj)les, 1. A 40-pound 10-inch steel I-beam 8 feet 
long is used as a flat-ended column. Its load being 100,000 
pounds, what is its factor of safety ? 

Obviously the column tends to bend in a plane perpendicular 
to its web. Hence the radius of gyration to be used is the one 



102 



STRENGTH OF MATERIALS 93 



with respect to that central axis of the cross-section which is in 
the web, that is, axis 2-2 (see figure accompanyiHg table, page 72 ) . 
The moment of inertia of the section- with respect to that axis, 
according to the table, is 9.50 inches*; and since the area of the 
section is 11.76 square inches, 

9.50 
.^ = TL76 = ^'^^' 

Now, I = S feet = 96 inches; and since ^ = 1 h- 36,000, and S = 
50,000, the breaking load for this column, according to Rankine's 
formula, is 

p 50,000 X 11.76 AAurrcf. A 

r = ! -_ = 446,790 pounds. 

1 + 36,000 X 0.81 

Since the factor of safety equals the ratio of the breaking load to 
the actual load on the column, the factor of safety in this case is 

446 790 

2. What is the safe load for a cast-iron column 10 feet long 
with square ends and a hollow rectangular section, the outside 
dimensions being 5x8 inches; the inner, 4x7 inches; and the 
factor of safety, 6 ? 

In this case Z = 10 feet = 120 inches; A ^. 5x8-4x7 
= 12 square inches; and d -= 5 inches. Hence, according to 
formula 10', for rectangular sections, the breaking load is 

80,000 X 12 o^f^r^r^ 

p ^_- ! ^ = 610,000 pounds. 

^ "^ 1,000 X 5' 

Since the safe load equals the breaking load divided by the factor 
of safety, in this case- the safe load equals 

610,000 ,^, ^^ 

— ^ = 101,700 pounds. 

3. A channel column (see Fig. 46, b) is pin-ended, the pins 
being perpendicular to the webs of the channel (represented by 
A A in the figure), and its length is 16 feet (distance between axes 
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of the pins). If the sectional area is 23.5 square inches, and the 
moment of inertia with respect to A A is 386 inches* and with 
respect to BB 214 inches*, what is the safe load with a factor of 
safety of 4 ? 

The column is liable to bend in one of two ways, namely, in 
the plane perpendicular to the axes of the two pins, or in the plane 
containing those axes. 

(1) For bending in the first plane, the strength of the col- 
umn is to be computed from the formula for a pin-ended column. 
Hence, for this case, t^ = 386 -^ 23.5 = 16; and the breaking 
load is 

50,000 X 23.5 inAiPnn a 

= (16 X 12)' "" 1,041,600 pounds. 

^ ^ 18,000 X 16 
The safe load for this case equals -^ — j- = 260,400 pounds. 

(2) If the supports of the pins are rigid, then the pins 
stiffen the column as to bending in the plane of their axes, and the 
strength of the column for bending in that plane should be com- 
puted from the formula for the strength of columns with flat ends. 
Hence, i^ = 214 -^ 23.5 = 9.11, and thebreaking load is 

50,000 X 23.5 
P = (16 X 12)' ^ 1,056,000 pounds. 

^ "^ 36,000 X 9.11 
The safe load for this case equals — — j- ^^ 264,000 pounds. 

EXAMPLES FOR PRACTICE. 

1. A 40-pound 12-inch steel I-beam 10 feet long is used as 

a column with flat ends sustaining a load of 100,000 pounds. 

What is its factor of safety? 

Ans. 4.1 

2. A cast-iron column 15 feet long sustains a load of 
150,000 pounds. Its section being a hollow circle, 9 inches out- 
side and 7 inches inside diameter, what is the factor of safety? 

Ans. 8.9 

3. A steel Z-bar column (see Fig. 46, a) is 24 feet long and 
has square ends; the least radius of jgyration of its cross-section is 
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3.1 inches; and the area of the cross-section is 24.5 square inches. 
What is the safe load for the column with a factor of safety of 4 ? 

Ans. 247,000 pounds. 

4. A cast-iron column 13 feet long has a hollow circular 
cross-section 7 inches outside and 5J inches inside diameter. 
What is its safe load with a factor of safety of 6? 

Ans. 121,142 pounds. 

5. Compute the safe load for a 40-pound 12-inch steel 

I-beam used as a column with flat ends, its length being 17 feet. 

Use a factor of safety of 5. 

Ans. 52,470 pounds. 

84, Graphical Representation of Column Formulas. Col- 
umn (and most other engineering) formulas can be represented 
graphically. To represent Eankine's formula for flat-ended mild- 
steel columns, 

P 50,000 



1 + 



{I -^ ry 



3(5,000 

we first substitute different values ol I -t- r in the formula, and 
solve for P -^ A. Thus we find, when 

l^r= 40, P-*-A = 47,900 
l^r= 80, P - A = 42,500 
Z-r = 120, P + A =35,750 
etc., etc. 

K^ow, if these values of Z -r- r be laid off by some scale on a line 
from O, Fig. 48, and the corresponding values of P -?- A be laid 
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Fig. 48. 
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off vertically from the points on the line, we get a series of points 
as a, J, t?, etc.; and a smooth curve through the points a, J, o, 
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etc., represents the formula. Such a curve, besides representing 
the formula to one's eye, can be used for finding the value of 
F -?- A for any value of Z h- r; or the value oil-^ r for any value 
of P -T- A. The use herein made is in explaining other column 
formulas in succeeding articles. 

85. Combination Column Formulas. Many columns have 
been tested to destruction in order to discover in a practical way 
the laws relating to the strength of columns of different kinds. 
The results of such tests can be most satisfactorily represented 
graphically by plotting a point in a diagram for each test. Thus, 
suppose that a column whose I -^ t was 80 failed under a load of 
276,000 pounds, and that the area of its cross-section was 7.12 
square inches. This test would be represented by laying off Oa, 
Fig. 49, equal to 80, according to some scale; and then ab equal to 
276,000 -T- 7.12 (F H- A), according to some other convenient 
scale. The point h would then represent the result of this par- 
ticular test. All the dots in the figure represent the way in which 
the results of a series of tests appear when plotted. 

It will be observed at once that the dots do not fall upon any 
one curve, as the curve of Kankine's formula. Straight lines and 
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Fig. 49. 

curves simpler than the curve of Rankine's formula have been 
fitted to represent the average positions of the dots as determined 
by actual tests, and the formulas corresponding to such lines have 
been deduced as column formulas. These are explained in the 
following articles. 

86. Strai£:ht-Line and Euler Formulas. It occurred to Mr. 
T. II. Johnson that most of the dots corresponding to ordinary 
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lengths of columns agree with a straight line just as well as with 
a curve. He therefore, in 1886, made a number of such plats or 
diagrams as Fig. 49, fitted straight lines to them, and deduced the 
formula corresponding to each line. These have become known 
as " straight-line formulas," and their general form is as follows: 



^r = S - m — 
A r 



(") 



P, A, Z, and r having meanings as in Rankine's formula (Art. 83), 
and S and 7/i being constants whose values according to Johnson 
are given in Table E below. 

For the slender columns, another formula (Euler's, long since 
deduced) was used by Johnson. Its general form is — 

P _ n 

X - {I ^ rf v«2; 

n being a constant whose values, according to Johnston, are given 
in the following table: 





TABLE E. 
Data for Mlld-Steel Columns. 






S 


m 


Limit (I + r) 


n 


Hinged ends 

Flat ends 


52,500 
52,500 


220 

180 


160 
195 


444,000,000 
666,000,000 



The numbers in the fourth column of the table mark the point of divi- 
sion between columns of ordinary length and slender columns. For the 
former kind, the straight-line formula applies; and for the second, Euler's. 
That is, if the ratio l-^ r for a steel column with hinged end, for example, is 
less than 160, we must use the straight-line formula to compute its safe load, 
factor of safety, etc.; but if the ratio is greater than 160, we must use Euler's 
formula. 

For cast-iron columns with flat ends, S = 34,000, and m = 88; and since 
they should never be used " slender," there is no use of Euler's formula for 
cast-iron columns. 

m 

The line AB, Fig. 50, represents Johnson's straight-line for- 
mula; and BC, Euler's formula. It will be noticed that the two 
lines are tangent; the point of tangency corresponds to the "lim- 
iting value " Z H- r, as indicated in the table. 

Examples. 1. A 40-pound 10-inch steel I-beam column 8 
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feet long sustains a load of 100,000 pounds, and the ends are flat, 
{/orapute its factor of safety according to the methods of this 
article. 

The first thing to do is to compute the ratio I -^ r for the 
column, to ascertain whether the straight-line formula or Euler's 
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Fig. 50. 

formula should be used. From Table C, on page 72, we find that 
the moment of inertia of the column about the neutral axis of 
its cross-section is 9.50 inches*, and the area of the section is 
11.76 square inches. Hence 

9.50 



r" = 



11.7t) 



= 0.81; or r = 0.9 inch. 



Since Z = 8 feet = 90 inches, 

~* ~" 09' 



2 
.106-3 



This value of Z h- r is less than the limiting value (195) indicated 
by the table for steel columns with flat ends (Table E, p. 97), and 
we should therefore use the straight-line formula; hence 

,-^ = 52,500 - 180 X 106-?-; 
11.76 o 

or, P == 11.76 (52,500 - 180 X lOoA) = 391,600 pounds. 

o 

This is the breaking load for the column according to the straight* 
line formula; hence the factor of safety is 

391,000 



100,000 



= 3.9 
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2. Suppose that the length of the column described in the 
preceding example were 16 feet. What would its factor of safety be ? 

Since Z = 10 feet = 192 inches; and, as before, r = 0.9 
inch, I -i- r = 213J. This value is greater than the limiting 
value (195) indicated by Table E (p. 97) for flat-ended steel col- 
umns; hence Euler's formula is to be used. Thus 

P 666,000,000 



11.76 "■ (218^)^ * ' 

_ 11.76X666,000,000 .^oiaa a 

or, P = .^^31^ = 172,100 pounds. 

This is the breaking load; hence the factor of safety is 

172,100 



100,000 



=^1.7 



3, What is the safe load for a cast-iron column 10 feet long 
with square ends and hollow rectangular section, the outside 
dimensions being 5x8 inches and the inside 4x7 inches, with a 
factor of safety of 6 ? 

Substituting in the formula for the radius of gyration given 
in Table A, page 54, we get 



-4 



= 1.96 inches. 



12 (8 X 5 - 7 X 4) 
Since I = 10 feet = 120 inches, 

I 120 



1.96 



= 61.22 



According to the straight-line formula for cast iron, A being 
equal to 12 square inches, 

jg- = 34,000 - 88 X 61.22; 

or, P = 12 (34,000 - 88 X 61.22) = 343,360 pounds. 

This being the breaking load, the safe load is 

i^^^ = 57,227 pounds. 
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EXAMPLES FOR PRACTICE. 

1. A 40-pound 12-iDch steel I-beam 10 feet long is used as 

a flat-ended column. Its load being 100,000 pounds, compute 

the factor of safety by the formulas of this article. 

Ans. 3.5 

2. A cast-iron column 15 feet long sustains a load of 
150,000 pounds. Its section being a hollow circle of 9 inches 

\outside and 7 inches inside dir.meter, compute the factor of safety 

by the straight-line formula. 

Ans. 4.8 

3. A steel Z-bar column (see Fig. 46, a) is 24 feet long 
and has square ends; the least radius of gyration of its cross- 
section is 3.1 inches; and the area of the cross-section is 24.5 
square inches. Compute the safe load for the column by the 
formulas of this article, using a factor of safety of 4. 

Ans. 219,000 pounds. 

4. A hollow cast-iron column 13 feet long has a circular 

cross-section, and is 7 inches outside and 5J inches inside in 

diameter. Compute its safe load by the formulas of this article, 

using a factor of safety of 6. 

Ans. 68,500 pounds 

5. Compute by the methods of this article the safe load for 
a 40-pound 12-inch steel I-beam used as a column with flat ends, 
if the length is 17 feet and the factor of safety 5. 

Ans. 35,100 pounds. 

87. Parabola-Euler Formulas. As better fitting the results 

of tests of the strength of columns of " ordinary lengths," Prof. 

J. B. Johnson proposed (1892) to use parabolas instead of straight 

lines. The general form of the " parabola formula " is 

I. = S-,n(_Ly. (,3) 

P, A, I and r having the same meanings as in Rankine's formula. 
Art. 83; and S and ^^z- denoting constants whose values, according 
to .Professor Johnson, are given in Table F below. 

Like the straight-line formula, the parabola formula should 
not be used for slender columns, but the following (Euler's) is 
applicable:, , 
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X 



n 



"5) 



(14) 



' (^ -^ ^) 

the values of n (Johnson) being given in the following table: • 

TABLE F. 
Data for fllld Steel Columns. 





S 


m 


Limit (J + r) 


n 


Hinged ends '. 

Flat ends 


42,000 
42,000 


0.97 
0.62 


150 
190 


456,000,000 
712,000,000 



The point of division between columns of ordinary length and slender 
columns is given in the fourth column of the table. That is, if the ratio l-i-r 
for a column with hinged ends, for example, is less than 150, the parabola 
formula should be used to compute the safe load, factor of safety, etc.; but 
if the ratio is greater than 150, then Euler's formula should be used. 

The line AB, Fig. 51, represents the parabola formula; and the line 
BC^ Euler's formula. The two lines are tangent, and the point of tangency 
corresponds to the *' limiting value '* Z-J-r of the table. 

For wooden columns square in cross-section, it is convenient to replace 
r by d, the latter denoting the length of the sides of the square. The formula 
becomes 

S and m for flat-ended columns of various kinds of wood having the follow- 
ing values according to Professor Johnson: 

For White pine, S=2,500, in = 0.6; 

Short-leaf yellow pine, 8=3,300, m = 0.7; 

Long-leaf yellow pine, S=4,000, wi^O.8; 

White oak, 8=3,500, m = 0.8. 

The preceding formula applies to any wooden column whose ratio, l-^d, 

is less than 60^ within which limit columns of practice are included. 
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Mxamples. 1. A 40-pound 10-inch steel I-beam column 
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8 feet long sustains a load of 100,000 pounds, and its ends are flat. 
Compute its factor of safety according to the methods of this 
article. 

The first thing to do is to compute the ratio I -v- r tor the 
column, to ascertain whether the parabola formula or Euler's for- 
mula should be used. As shown in example 1 of the preceding 
article, I -:- r = 106§. This ratio being less than the limiting 
value, 190, of the table, we sliould use the parabola formula. 
Hence, since the area of the cross-section is 11.76 square inches 
(see Table C, page 72), 

•1' -42,000-0.02 (106|)-, 



11.76 
or, P = 11.76 [42,000 - 0.62 (106|)^] = 410,970 pounds. 

This is the breaking load according to the parabola formula; hence 

the factor of safety is 

410,970 _ ^ ^ 

100,000 

2. A white pine column 10 X 10 inches in cross-section and 
18 feet long sustains a load of 40,000 pounds. What is its factor 
of safety ? 

The length is 18 feet or 216 inches; hence the ratio I ~- d=s 
21.6, and the j)arabola formula is to be applied. 
Kow, since A = 10 X 10 = 100 square inches, 

P 

Wo ^' ^'^^^ ~ ^'^ ^ ^^'^'' 

or, P -- 100 (2,500 - 0.6 X 21.6*^) = 222,000 pounds. 

This beinpj the breaking load according to the parabola formula, 

the factor of safety is 

222,00 __ 

"4070W "~ ^'^ 

3. What is the safe load for a long-leaf yellow pine column 
12 X 12 inches square and 80 feet long, the factor of safety 
being 5 ? 

The length being 30 feet or 360 inches, 

^ 360 
5=12- = ^^' 
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hence the parabola formula should be used. Since A = 12 X 12 
= 144 square inches, 

P 

-jjj = 4,000 - 0.8 X 30'; 

or, P =444 (4,000 - 0.8 X 30*) = 472,320 pounds. 

This being the breaking load according to the parabola formula, 

the safe load is 

472,320 

^ = 94,4oD pounds. 

EXAMPLES FOR PRACTICE. 

1. A 40-pound 12-inch steel I-beam 10 feet long is used as 

a flat-ended column. Its load being 100,000 pounds, compute its 

factor of safety by the formulas of this article. 

Ans. 3.8 

• 2. A white oak column 15 feet long sustains a load of 

30,000 pounds. Its section being 8x8 inches, compute the 

factor of safety by the parabola formula. 

Ans. 6.6 

3. A steel Z-bar column (see Fig. 46, a) is 24 feet long and 
has square ends; the least radius of gyration of its cross-section 
is 3.1 inches; and the area of its cross -section is 24.5 square 
inches. Compute the safe load for the column by the formulas 
of this article, using a factor of safety of 4. 

Ans. 224,500 pounds. 

4. A short-leaf yellow pine column 14 X 14 inches in sec- 
tion is 20 feet long. What load can it sustain, with a factor of 

safety of 6 ? 

Ans. 101,000 pounds. 

88. *• Broken Straight-Line " Formula. A largo steel com- 
pany computes the strength of its flat-ended steel columns by two 
formulas represented by two straight lines AB and BC, Fig. 52. 
The formulas are 

X = 48,000, 

and -?- = 68,400 - 228 -, 

A ' r 

P, A, Z, and r having the same nieanings as in Art. 83. 
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The point B corresponds very nearly to the ratio Z -r- r = DO. 
Hence, for columns for \^hich the ratio Z -;- r is less than 90, the 
first formula applies; and for columns for which the ratio is 
greater than 90, the second one applies. The point C corre- 
sponds to the ratio I -i- r = 200, and the second formula does not 
apply to a column for which I -r- /* is greater than that limit. 
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The ratio I -i- r for steel columns of practice rarely exceeds 150, 
and is usually less than 100. 

Fig. 53 is a combination of Figs. 49, 50, 51 and 52, and 
represents graphically a comparison of the Rankine, straight-line, 
Euler, parabola-Euler, and broken straight-line formulas for flat- 
ended mild-steel columns. It well illustrates the fact that our 
knowledge of the strength of columns is not so exact as that, for 
example, of the strength of beams. 
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Fig. 53. 



89. Desis:n of Columns. All the preceding examples relat- 
ing to columns were on either (1) computing the factor of safety 
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of a given loaded column, or (2) computing the safe load for a 
given column. A more important problem is to design a column 
to sustain a given load under given conditions. A complete dis- 
cussion of this problem is given in a later paper on design. We 
show here merely how to compute the dimensions of the cross- 
section of the column after the form of the cross^section has been 
decided upon. 

In only a few cases can the dimensions be computed directly 
(see example 1 following), but usually, when a column formula is 
applied to a certain case, there will be two unknown quantities in 
it, A and r or d. Such cases can best be solved by trial (see 
examples 2 and 3 below). 

Eq ample. 1. What is the proper size of white pine column 
to sustain a load of 80,000 pounds with a factor of safety of 5, 
when the length of the column is 22 feet ? 

We use the parabola formula (equation 13). Since the safe 
load 'is 80,000 pounds and the factor of safety is 5, the breaking 
load P is 

80,000 X 5 = 400,000 pounds. 

The unknown side of the (square) cross-section being denoted by 
d^ the area A is d^. Ilence, substituting in the formula, since I 
= 22 feet = 264 inches, we have 

!2^^ 2,500 -0.6 2^. 
«P ' d^ 

Multiplying both sides by d^ gives 

400,000 = 2,500 (f^ - 0.6 X 264", 

or 2,500 d^ = 400,000 + 0.6 x 264» = 441,817.6. 

Hence d" = 176.78, or ^ = 13.3 inches. 

2. What size of cast-iron column is nieeded to sustain a load 
of 100,000 pounds with a factor of safety of 10, the length of the 
column being 14 feet ? 

We shall suppose that it has been decided to make the cross- 
section circular, and shall compute by Rankine's formula modified 
for cast-iron columns (equation 10'). The breaking load for the 
column would be 
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100,000 X 10 = 1,000,000 pounds. 
The length is 14 feet or 168 inches; hence the formula oecomes 

« 

1,000,000 _ 80,00 
A "~ KJB'' 
+ 800^ 

or, reducing by dividing both sides of the equation by 10,000, and 
then clearing of fractions, we hare 

There are two unknown quantities in this equation, d and A, and 
we cannot solve directly for them. Probably the best way to pro- 
ceed is to assume or guess at a practical value of d^ then solve for 
A, and finally compute the thickness or inner diameter. Thus, let 
us try d equal to 7 inches, first solving the equation for A as far 
as possible. Dividing both sides by 8 we have 

100 r 168' -1 

^ ■** T" L^ "^ 800^J' 

and, combining, 

441 
A = 12.5 + ~. 

Now, substituting 7 for d^ we have 

441 
A = 12.5 + -jQ = 21.5 square inches. 

The area of a hollow circle whose outer and inner diameters are 
d and d^ respectively, is 0.7854 {d^ - d^\ Hence, to find the inner 
diameter of the column, we substitute 7 for d in the last expres- 
sion, equate it to the value of A just found, and solve for d^. Thus, 

0.7854 (49-^^2) = 21.5: 

hence 

21 5 
*9 - ^^ = 0?fm = 27.37; 

and d* = 49 - 27.37 = 21.63 or d^ = 4.65. 

This value of d makes the thickness equal to 

i (7-4.65) = 1.175 inches, 



Ha 



STRENGTH OF MATERIALS 107 



which is safe. It might be advisable in an actual case to try 
d equal to 8 repeating the computation.* 

EXAMPLE FOR PRACTICE. 

1. What size of white oak column is needed to sustain a load 
of 45,000 pounds with a factor of safety of 6, the length of the 
column being 12 feet. 

Ans. d = 8i, practically a 10 X 10-inch section 

STRENGTH OF SHAFTS. 

A shaft is a part of a machine or system of machines, and is 
used to transmit.power by virtue of its torsional strength, or resist- 
ance to twisting. Shafts are almost always made of metal and are 
usually circular in cross -section, being sometimes made hollow. 

90. Twisting Moment. Let AF, Fig. 54, represent a shaft 
with four pulleys on it. Suppose that D is the driving pulley 
and that B, C and E are pulleys from which power is taken off to 
drive machines. The portions of the shafts between the pulleys 



P- 




Fig. M. 

are twisted when it is transmitting power; and by the twisting 
moment at any cross -section of the shaft is meant the algebraic 
sum of the moments of all the forces acting on the shaft on either 

*NoTE. The stractural steel handbooks contain extensive tables by 
means of which the design of columns of steel or cast iron is much facilitated. 
The difficulties encountered in the use of formula; are well illustrated in this 
example. 
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side of the section, the moments being taken with respect to the 
axis of the shaft. Thus, if the forces acting on the shaft (at the 
pulleys) are P„ Pg, P,, and P^ as shown, and if the arms of the 
forces or radii of the pulleys are a„ a,, a,, and a^ respectively, then 
the twisting moment at any section in 

BC is Pj a„ 

CD is P, a, + Pa a„ 

D£ is P, a, + P^ tf, - P, a,. 

Like bending moments, twisting moments are usually ex- 
pressed in inch -pounds. 

Example. Let a^^^^ a^ = a^=^ 15 inches, aj = 30 inches, 
P, = 400 pounds, P.^ ^ 500 pounds, P, = 750 pounds, and P^ = 
600 pounds.* What is the value of the greatest twisting moment 
in the shaft? 

At any section between the first and second pulleys, the 
twisting moment is 

400 X 15 = 6,000 inch-pounds; 

at any section between the second and third it is 

400 X 15 + 500 X 15 ^^ 13,500 inch-pounds; and 
at any section between the third and fourth it is 

400 X 15 + 500 X 15 - 750 X 30 = - 9,000 inch-pounds. 
Hence the greatest value is 13,500 inch-pounds. 

91. Torsional Stress. The stresses in a twisted shaft are 
called " torsional" stresses. The torsional stress on a cross-section 
of a shaft is a shearing stress, as in the case illustrated by Fig. 55, 
which represents a flange coupling in a shaft. Were it not for 
the bolts, one flange would slip over the other when either part 
of the shaft is turned; but the bolts prevent the slipping. Obvi- 
ously there is a tendency to shear the bolts off unless they are 
screwed up very tight; that is, the material of the bolts is sub- 
jected to shearing stress. 

Just so, at any section of the solid shaft there is a tendency 
for one part to slip past the other, and to prevent the slipping or 

* Note. These numbers were so chosen that the moment of P (driving 
moment) equals the sum of the moments of the other forces. This is always 
the case in a shaft rotating at constant speed; that is, the power given the 
shaft equals the power taken off. 
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shearing of the shaft, there arise shearing stresses • at all parts of 
the cross-section. The shearing stress on the cross-section of a 
shaft is not a uniform stress, its value per unit-area being zero at 
the center of the section, and increasing toward the circumference. 
In circular sections, solid or hollow, the shearing stress per unit- 
area (unit-stress) varies directly as the distance from the center 
of the section, provided the elastic limit is not exceeded. Thus, 
if the shearing unit-stress at the circumference of a section is 
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2 




Pig. 55. 

1,000 pounds per square inch, and the diameter of the shaft is 
2 inches, then, at J inch from the center, the unit-stress is 500 
pounds per square inch; and at J inch from the center it is 250 
pounds per square inch. In Fig. 55 the arrows indicate the 
values and the directions of the shearing stresses on very small 
portions of the cross-section of a shaft there represented. 

93. Resistins^ Moment. By "resisting moment" at a sec- 
tion of a shaft is meant the sum of the moments of the shearing 
stresses on the cross-section about the axis of the shaft. 

Let Sg denote the value of the shearing stress per unit-area 
(unit-stress) at the outer points of a section of a shaft; d the 
diameter of the section (outside diameter if the shaft is hollow); 
and d^ the inside diameter. Then it can be shown that the re- 
sisting moment is: 

For a solid section, 0.1963 S^ ^; 

_ , ,, . 0.1963 S,V/*-<7/\ 
Jbor a hollow section, 7 

93. Formula for the Strength of a Shaft. As in the case 
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of beams, the resisting moment equals the twisting moment at 
any section. If T be used to denote twisting moment, then we 
have the formulas : 

For Bolid circular shafts, O.lflOB S« ff = = T; ) 

For hollow cireular shafts, ^>-l^'"'^^s(<^* - ^^/) ^,t. («5) 

In any portion of a shaft of constant diameter, the unit- 
shearing stress Sg is greatest where the twisting moment is greatest. 
Hence, to compute the greatest unit-shearing stress in a shaft, 
we first determine the value of the greatest twisting moment, 
substitute its value in the first or second equation above, as the 
case may be, • and solve for Sg. It is customary to express T in 
inch-pounds and the diameter in inches, Sg then being in pounds 
per square inch. 

• Examples. 1. Compute the value of the greatest shearing 
unit-stress in the portion of the shaft between the first and second 
pulleys represented in Fig. 54, assuming values of the forces and 
pulley radii as given in the example of article 90. Suppose also 
that the shaft is solid, its diameter being 2 inches. 

The twisting moment T at any section of the portion between 
the first and second pulleys is 0,000 inch-pounds, as shown in the 
example referred to. Hence, substituting in the first of the two 
formulas 15 above, we have 

0.1963 S3 X 2« = 6,000; 

6,000 
or, Sg = n i(u*^ V k ^^ 3,820 pounds per square inch. 

This is the value of the unit- stress at the outside portions of all 
sections between the first and second pulleys. 

2. A hollow shaft is circular in cross-section, and its outer 
and inner diameters are 16 and 8 inches respectively. If the 
working strength of the material in shear is 10,000 pounds per 
square inch, what twisting moment can the shaft safely sustain ? 

The problem requires that we merely substitute the values of 
Sg, ^7, and ^, in the second of the above formulas 15, and solve for 
T. Thus, 

^ ^ 0.1003 X 10 OOP (10' - 80 _ ^53^^^^^ i„eh-pounds. 

lb ^ 
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EXAMPLES FOR PRACTICE. 

1. (Compute the greatest value of the shearing unit-stress in 
the shaft represented in Fig. 54, using the values of tlie forces 
and pulley radii given in the example of article 90, the diameter 
of the shaft beincr 2 inches. 

Ans. 8,595 pounds per square inch 

2. A solid shaft is circular in cross-section and is 9.G inches 
in diameter. If the tv^orking strength of the material in shear is 
10,000 pounds per square inch, how large a twisting moment can 
the shaft safely sustain? (The area of the cross-section is practically 
the same as that of the hollow shaft of example 2 preceding.) 

• Ans. 1,736,736 inch-pounds. 

94. Formula for the Power Which a Shaft Can Transmit, 
The power that a shaft can safely transmit depends on the shear- 
ing working strength of the material of the shaft, on the size of 
the cross -section, and on the speed at \Fhich the shaft rotates. 

Let II denote the amount of horse-power; Sg the shearing 
working strength in pounds per square inch; d the diameter 
(outside diameter if the shaft is hollow) in inches; d^ the inside 
diameter in inches if the shaft is hollow; and /i the number of 
revolutions of the shaft per minute. Then the relation between 
power transmitted, unit-stress, etc., is: 

For solid shafts, II = 



321,000 ' 
I or hollow shafts, 11 = -:^^^^^^- 



(16) 



Ednmnples, 1. What horse-power can a hollow shaft 16 
inches and 8 inches in diameter safely transmit at 50 revolutions 
per mi'nute, if the shearing working strength of the material is 
10,000 pounds per square inch? 

We have merely to substitute in the second of the two for- 
mulas 10 above, and reduce. Thus, 

^ 10,000 (10^ - 8^) 50 _ . _ . , ... 

^ 321 000 X 1 ~ "^ ' horse-power (nearly). 

2. What size of solid shaft is needed to transmit 6,000 horse- 
power at 50 revolutions per minute if the sh tearing working 
strength of the material is 10,000 pounds per square inch? 
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We have merely to substitute in the first of the two formulas 
16, and solve for d. Thus, 

g nnn _ 10.000 X (^^ X 50 . 
D,uuu — 321,000 

^ , ™ 6,000 X 321,000 

therefore ^ = 10,000 X 60 = ^'^^2' • 

or, d -=-- ^p52 = 15.68 inches. 

.(A solid shaft of this diameter contains over 25% more material than 
the hollow shaft of example 1 preceding. There is therefore considerable 
earing of material in the hollow shaft.) 

3. A solid shaft 4 inches in diameter transmits 200 horse- 
power while rotating at 200 revolutions per minute. What is the 
greatest shearing unit-stress in the shaft? 

We have merely to substitute in the first of the equations 16, 
and solve for Sg. Thus, 



200 = 



Sg X 4' X 200 
321,000 



200 X 321,000 ^M. . .V 

or, o = .3 p^^ — = 5,01d pounds per square inch. 

EXAMPLES FOR PRACTICE. 

1. What horse-power can a solid shaft 9.6 inches in diameter 
safely transmit at 50 revolutions per minute, if its shearing work- 
ing strength is 10,000 pounds per square inch ? 

Ans. 1,378 horse-power. 

2. What size of solid shaft is required to transmit 500 horse- 
power at 150 revolutions per minute, the shearing working strength 
of the material being 8,000 pounds per square inch. 

And. 5.1 inches. 

3. A hollow shaft whose outer diameter is 14 and inner 6.7 
inches transmits 5,000 horse-power at 60 revolutions per minute. 
What is the value of the greatest shearing unit-stress in the shaft? 

Ans. 10,273 pounds per square inch. 

STIFFNESS OF RODS, BEAMS, AND SHAFTS. 

The preceding discussions have related to the strength of 
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materials. We shall now consider principally the elongation of 
rods^ deflection of beama^ and ticist of shafts, 

95. Coefficient of Elasticity. According to Ilooke's Law 
(Art. 9, p. 7), the elongations of a rod subjected to an increasing 
pull are proportional to the pull, provided that the stresses due to 
the pull do not exceed the elastic limit of the material. "Within 
the elastic limit, then, the ratio of the pull and the elongation is 
constant; hence the ratio of the unit-stress (due to the pull) to the 
unit-elongation is also constant. This last-named ratio is called 
"coefficient of elasticity." If E denotes this coefficient, S the 
unit-stress, and s the unit-deformation, then 

E ^- A. (,7) 

Coefficients of elasticity are usually expressed in pounds per square inch. 

The preceding remarks, definition, and formula apply also to 
a case of compression, provided that the material being compressed 
does not bend, but simply shortens in the direction of the com- 
pressing forces. The following table gives the average values of 
the coefficient of elasticity for various materials of construction: 

TABLE G. 

Coefficients of Elasticity. 



Material. 



Steel 

Wrought iron. 

Cast iron 

Timber 



Average Coefficient of Elasticity. 



30,000,000 pounds per square inch. 

27,500,000 " " " " 

15,000,000 " " " 

1,800,000 " " " 






The coefficients of elasticity for steel and wrought iron, for different 
grades of those materials, are remarkably constant; but for different grades 
of cast iron the coefficients range from about 10,000,000 to 30,000,000 pounds 
per square inch. Naturally the coefficient has not the same value for the 
different kinds of wood; for the principal woods it ranges from 1,600,000 
(for spruce) to 2,100,000 (for white oak). 

Formula 17 can be put in a form more convenient for use, as 
follows : 

Let P denote the force producing the deformation ; A the 
area of the cross-section of the piece on which P acts ; I the length 
of the piece ; and D the deformation (elongation or shortening). 
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Then 

S = P -?^ A (see equation 1), 

and s = D -i- I (see equation 2). 

Hence, substituting these values in equation 17, we have 

The first of these two equations is used for computing the value of 
the coeflBcient of elasticity from measurements of a " test," and 
the second for computing the elongation or shortening of a given 
rod or bar for which the coefiicient is known. 

Examples. 1. It is required to compute the coefiicient of 
elasticity of the material the record of a test of which is given on 
page 9. 

Since the unit-stress S and unit-elongation s are already 
computed in that table, we can use equation 17 instead of the first 
of equations 17'. The elastic limit being between 40,000 and 
45,000 pounds per square inch, we may use any value of the 
unit-stress less than that, and the corresponding unit-elongation. 

Thus, with the first values given, 



5,000 

^^^'iFoooiT "~" 2n,400,0()0. 



With the second. 



10,000 

E = i^mm - 2^^,000,000. 

This lack of constancy in the value of E as computed from different 
loads in a test of a given material, is in part due to errors in measuring the 
deformation, a measurement difficult to make. The value of the coefficient 
adopted from such a test, is the average of all the values of E which can be 
computed from the record. 

2. IIow much will a pull of 5,000 pounds stretch a round 
steel rod 10 feet long and 1 inch in diameter ? 

We use the second of the two formulas 17'. Since A ■■--= 
0.7854 X r -- 0.7854 square inches, I .---. 120 inches, and E --= 
30,000,000 pounds per square inch, the stretch is: 

^ 5,000 X 120 nno-^ • u 

0.78o4 X 30,000,000 
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EXAMPLES FOR PRACTICE. 

1. What is the coefficient of elasticity of a material if a pull 

of 20,000 pounds will stretch a rod 1 inch, in diameter and 4 feet 

long 0.045 inch ? 

Ans. 27,000,000 pounds per square inch. 

2. IIow much will a pull of 15,000 pounds elongate a round 
cast-iron rod 10 feet long and 1 inch in diameter ? 

Ans. 0.152 inch. 
96. Temperature Stresses. In the case of most materials, 
when a bar or rod is heated, it lengthens; and when cooled, it 
shortens if it is free to do so. The coefficient of linear expansion 
of a material is the ratio which the elongation caused in a rod or 
bar of the material by a change of one degree in temperature bears 
to the length of the rod or bar. Its values for Fahrenheit degrees 
are about as follows : 

For Steel, 0.0000065. 

For Wrought iron, .0000067. 
For Cast iron, .0000062. 

Let K be used to denote this coefficient; t a change of tem- 
perature, in degrees Fahrenheit; I the length of a rod or b.ir; 
and D the change in length due to the change of temperature. 
Then 

D -- K ^ L (i8) 

D and I are expressed in the same unit. 

If a rod or bar is confined or restrained so that it cannot 
change its length when it is heated or cooled, then any change in 
its temperature produces a stress in the rod; such are called tem- 
perature stresses. 

Examjyles, 1. A steel rod connects two solid walls and is 
screwed up so that tlie unit-stress in it is 10.000 pounds per 
square inch. Its temperature falls 10 degrees, and it is observed 
that the walls have not been drawn together. What is the temper- 
ature stress produced by the change of temperature, and what is 
the actual unit-stress in the rod at the new temperature ? 

Let I denote the length of the rod. Then the change in 
length which would occur if the rod were free, is given by formula 
18, above, thus: 

D = 0000005 X 10 X Z = 0.000065 I. 
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Now, since the rod could not shorten, it has a greater than normal 
length at the new temperature; that is, the fall in temperature has 
produced an effect equivalent to an elongation in the rod amount- 
ing to D, and hence a tensile stress. This tensile stress can be 
computed from the elongation D by means of formula 17. Thus, 

S = E^; 

and since «, the unit-elongation, equals 

D _ 0,00W5J ^ ^ ,^^^ 

S = 30,000,000 X 0.000065 -- 1,950 pounds per square inch. 
This is the value of the temperature stress; and the new unit- 
stress equals 

10,000 + 1,950 - = 11,950 pounds per square inch. 

Notice that the unit temperature stresses are independent of the length 
of the rod and the area of its cross-section. 

2. Suppose that the change of temj)erature in the preceding 
example is a rise instead of a fall. What are the values of the 
temperature stress due to the change, and of the new unit-stress in 
the rod ? 

The temperature stress is the same as in example 1, that is, 
1,950 pounds per square inch ; but the rise in temperature 
releases, as it were, the stress in the rod due to its being screwed 
up, and the final unit stress is 

10,000 - 1,950 = 8,050 pounds per square inch. 

EXAnPLE FOR PRACTICE. 

1. The ends of a wrought-iron rod 1 inch in diameter are 
fastened to two heavy bodies which are to be drawn together, the 
temperature of the rod being 200 degrees when fastened to the ob- 
jects., A fall of 120 degrees is observed not to move them.- 
What is the temperature stress, and what is the pull exerted by 
the rod on each object ? 

( Temperature stress, 22,000 pounds per square inch. 
^^^' I Pull, 17,280 pounds. 

97. Deflection of Beams. Sometimes it is desirable to know 
how much a given beam will deflect under a given load, or to design 
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a beam which will not deflect more than a certain amount under a 
given load. In Table B, page 55, Part I, are given formulas for 
deflection in certain cases of beams and different kinds of loading. 

In those formulas, d denotes deflection; I the moment of inertia of the 
cross-section of the beam with respect to the neutral axis, as in equation 6; 
and E the coefficient of elasticity of the material of the beam (for values, see 
Art. 95). 

In each case, the load should be e3q)re8sed in pounds, the length in 
inches, and the moment of inertia in biquadratic inches; then the deflection 
will be in inches. 

According to the formulas for (7, the deflection of a beam 
varies inversely as the coefiicient of its material (E) and the mo- 
ment of inertia of its cross-section (I) ; also, in the first four and 
last two cases of the table, the deflection varies directly as the cube 
of the length (P), 

Example, What deflection is caused by a uniform load of 
6,400 pounds (including weight of the beam) in a wooden beam 
on end supports, which is 12 feet long and 6 X 12 inches in 
cross-section ? (This is the safe load for the beam ; see example 
1, Art. 65.) 

The formula for this case (see Table B, page 55) is 



d = ^. 



5 W? 



884 EI • 

Here W = 6,400 pounds ; I = lU inches ; E = 1,800,000 
pounds per square inch ; and 

l=—ha' = j^g 6 X 12»= 864 inches*. 

Hence the deflection is 

5X6,400X144^ ,.^. . 

384 X 1,800,000 X 864 ~ ^'^ ^^^*^- 

EXAMPLES FOR PRACTICE. 

1. Compute the deflection of a timber built-in cantilever 
8x8 inches which projects 8 feet from the wall and bears an 
end load of 900 pounds. (This is the safe load for the cantilever, 
see example 1, Art. 65.) 

Ans. 0.43 inch. 

2. Compute the deflection caused by a uniform load of 40,000 
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pounds on a 42.pound 15-inch steel I-beam which is 16 feet long 
and rests on end supports. 

Ans. 0.28 inch. 

98. Twist of Shafts. Let Fig. 57 represent a portion of a 

shaft, and suppose that the part represented lies wholly between 




Fig. 57. 

two adjacent pulleys on a shaft to which twisting forces are applied 
(see Fig. 54). Imagine two radii ma and nh in the ends of the 
portion, they being parallel as shown when the shaft is not twisted. 
After the shaft is twisted they will not be parallel, ma having 
moved to 7na\ and nh to nh\ The angle between the two linec in 
their twisted positions {ina' and nV) is called the angle of twist, 
or angle of torsion, for the length /. If a'a" is parallel to ah^ then 
the angle a"nV equals the angle of torsion. 

If the stresses in the portion of the shaft considered do not 
exceed the elastic limit, and if the twisting moment is the same 
for all sections of the portion, then the angle of torsion a (in 
degrees) can be computed from the following: 

For solid circular shafts, 



a = 



684 T? __ 36,800,0 00 III 

For hollow circular shafts, 

584 Tld 30,800,000 111 
a=z^ 



(19) 



E\rZ*-rf/)~"E' {d'^(l,')n 

Here T, Z, 6?, r/,, H, and 11 have the same meanings as in Arts. 93 
and 94, and should bo expressed in the units there used. The 
letter E^ stands for a quantity called coefficient of elasticity for 
shear; it is analogous to the coefficient of elasticity for tension and 
compression (E), Art. 95. The values of E* for a few materials 
average about as follows (roughly E* = |- E) : 
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For Steel, 11,000,000 pounds per square inch. 

For Wrought iron, 10,000,000 " " " 

For Cast iron, 6,000,000 " " " 






Example, What is the value of the angle of torsion of a 
steel shaft 60 feet long when transmitting 6,000 horse-power at 
50 revolutions per minute, if the shaft is hollow and its outer and 
inner diameters are 16 and 8 inches respectively ? 

Ilere I = 720 inches; hence, substituting in the appropriate 
formula (19), we find that 

_ 36,800,000 X 6, 000 x 720 _ ^ 7 ^ 
"" ~~ 11,000,000 X Xl^' - 8*) 50 ^ ^'^ degrees. 

EXAMPLE FOR PRACTICE. 

Suppose that the first two pulleys in Fig. 54 are 12 feet 

apart; that the diameter of the shaft is 2 inches; and that Pj = 400 

pounds, and a^ = 15 inches. If the shaft is of wrought iron, 

what is the value of the angle of torsion for the portion between 

the first two pulleys ? 

Ans. 3.15 degrees. 

99. Non-elastic Deformation. The preceding formulas for 
elongation, deflection, and twist hold only so long as the greatest 
unit-stress does not exceed the elastic limit. There is no theory, 
and no formula, for non-elastic deformations, those corresponding 
to stresses which exceed the elastic limit. It is well known, how- 
ever, that non-elastic deformations are not proportional to the 
forces producing them, but increase much faster than the loads. 
The value of the ultimate elongation of a rod or bar (that is, the 
amount of elongation at rupture), is quite well known for many 
materials. This elongation, for eight- inch specimens of various 
materials (see Art. 16), is : 

For Cast iron, about 1 per cent. 
For Wrought iron (plates), 12 - 15 per cent. 
For " " (bars), 20-25 " " . 

For Structural steel, 22-26 " " . 

Specimens of ductile materials (such as wrought iron and 
structural steel), when pulled to destruction, neck down, that is, 
diminish very considerably in cross-section at some place along 
the length of the specimen. The decrease in cross-sectional area 
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is known as reduction of area, and its value for wrought iron and 
steel may be as much as 50 per cent. 

RIVETED JOINTS. 

loo. Kinds of Joints. A lap joint is one in which the 
plates or bars joined overlap each other, as in Fig. 58, a, A butt 
Joint is one in which the plates or bars that are joined butt against 
each other, as in Fig. 58, h. The thin side plates on butt joints 
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Fig. 58. 

are called cover-plates; the thickness of each is always made not 
less than one-half the thickness of the main plates, that is, the 
plates or bars that are joined. Sometimes butt joints are made 
with only one cover-plate; in such a case the thickness of the 
cover-plate is made not less than that of the main plate. 

When wide bars or plates are riveted together, the rivets are 
placed in rows, always parallel to the *' seam " and sometimes also 
perpendicular to the seam; but when we speak of a row of rivets, 
we mean a row parallel to the seam. A lap joint with a single 
row of rivets is said to be single-riveted ; and one with two rows 
of rivets is said to be double-riveted. A butt joint with two rows 
of rivets (one on each side of the joint) is called " single-riveted," 
and one with four rows (two on each side) is said to be " double- 
riveted." 

The distance between the centers of consecutive holes in a 
row of rivets is called pitch. 

loi. Shearing Strength, or Shearing Value, of a Rivet. 
When a lap joint is subjected to tension (that is, when P, Fig. 58, 
a, is a pull), and when the joint is subjected to compression (when 
P is a push), there is a tendency to cut or shear each rivet along 
the surface between the two plates. In butt joints with two cover- 
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plates, there is a tendency to cut or shear each rivet on two sur- 
faces (see Fig. 58, b). Therefore the rivets in the lap joint are 
said to be in sins^le shear ; and those in the butt joint (two covers) 
are said to be in double shear. 

The " shearing value " of a rivet means the resistance which 
it can safely offer to forces tending to shear it on its cross -section. 
This value depends on the area of the cross-section and on the work- 
ing strength of the material. Let d denote the diameter of the 
cross-section, and S, the shearing working strength. Then, since 
the area of the cross-section equals 0.7854 cP, the shearing strength 
of one rivet is : 

For single shear, 0.7854 cP S. . 

For double shear, 1.5708 cP S, . 

loa. Bearins^ Strens^th, or Bearing: Value, of a Plate. When 
a joint is subjected to tension or compression, each rivet presses 
against a part of the sides of the holes through which it passes. 
By " bearing value " of a plate (in this co.mection) is meant the 
pressure, exerted by a rivet against the side of a hole in the plate, 
which the plate can safely stand. This value depends on the 
thickness of the plate, on the diameter of the rivet, and on the 
compressive working strength of the plate. Exactly how it 
depends on these three qualities is not known; but the bearing 
value is always computed from the expression t d S^, wherein t 
denotes the thickness of the plate; ^7, the diameter of the rivet or 
hole; and S^, the working strength of the plate. 

103. Frictional Stren^^th of a Joint. When a joint is sub- 
jected to tension or compression, there is a tendency to slippage 
between the faces of the plates of the joint. This tendency is 
overcome wholly or in part by frictional resistance between the 
plates. The frictional resistance in a well-made joint may be 
very large, for rivets are put into a joint hot, and are headed or 
capped before being cooled. In cooling they contract, drawing the 
plates of the joint tightly against each other, and producing a 
great pressure between them, which gives the joint a correspond- 
ingly large frictional strength. It is the opinion of some that 
all well-made joints perform their service by means of their 
frictional strength; that is to say, the rivets act only by pressing 
the plates together and are not under shearing stress, ngr 
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are the plates under compression at the sides of their holes. The 
" frictional strength " of a joint, however, is usually regarded as 
uncertain, and generally no allowance is made for friction in com- 
putations on the strength of riveted joints. 

104. Tensile and Compressive Streng^th of Riveted Plates. 
The holes punched or drilled in a plate or bar weaken its tensile 
strength, and to compute that strength it is necessary to allow for 
the holes. By net section, in this connection, is meant the small- 
est cross-section of the plate or bar ; this is always a section along 
a line of rivet holes. 

If, as in the foregoing article, t denotes the thickness of the 
plates joined ; d^ the diameter of the holes; n^^ the number of riv- 
ets in a row ; and iCy the width of the plate or bar; then the net 
section = (i^ - n^d) t. 

Let S| denote the tensile working strength of the plate ; then 
the strength of the unriveted plate is wtS^ and the reduced tensile 
strength iq [w - n^d) t S^. 

The compressive strength of a plate is also lessened by the 
presence of holes ; but when they are again filled up, as in a joint, 
the metal is replaced, as it were, and the compressive strength of 
the plate is restored. No allowance is therefore made for holes in 
figuring the compressive strength of a plate. 

105. Computation of the Streng^th of a Joint. The strength 
of a joint is determined by either (1) the shearing value of the 
rivets ; (2) the bearing value of the plate ; or (3) the tensile 
strength of the riveted plate if the joint is in tension. Let P, de- 
note the strength of the joint as computed from the shearing 
values of the rivets ; P^, that computed from the bearing value of 
the plates ; and P„ the tensile strength of the riveted plates. 
Then, as before explained, 

P^= i^w - n^d) ^S/, J 

P^^Ti, 0.7854 ^S.; and V (20) 

n^ denoting the total number of rivets in the joint ; and n^ denot- 
ing the total number of rivets in a lap joint, and one-half the 
number of rivets in a butt joint. 

Eosamples. 1. Two half -inch plates 7^^ inches wide are cpn- 
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nected by a single lap joint double-riveted, six rivets in two rows. 
If the diameter of the rivets is | inch, and the working strengths 
are as follows : S,--= 12,000, S.= 7,500, and S,= 15,000 pounds 
per square inch, what is the safe tension which the joint can 
transmit ? 

Here n^^= 3, n^= 6, and n== 6 ; hence 

Pt= (7-|- - 3 X -|-) X -^ X 12,000 = 31,500 pounds; 
P,= 6 X 0.7854 X {^y X 7,500 = 19,880 pounds ; 

P^=6x-^X-|-X 15,000 = 33,750 pounds. 

Since P, is the least of these three values, the strength of the 
joint depends on the shearing value of its rivets, and it equals 
19,880 pounds. 

2. Suppose that the plates described in the preceding example 
are joined by means of a butt joint (two cover-plates), and 12 
rivets are used, being spaced as before. What is the safe tension 
which the joint can bear ? 

Here n^ = 3, w., = 12, and 72.3 =^ 6; hence, as in the preced- 
ing example, 

Pt = 31,500; and P^ = 33,750 pounds; but 

P3 = 12 X 0.7854 X {^y X 7,500 = 39,760 pounds. 

The strength equals 31,500 pounds, and the joint is stronger than 
the first. 

3. Suppose that in the preceding example the rivets are 
arranged in rows of two. What is the tensile strength of the 
joint t 

Here n^ = 2, 71^ = 12, and w, = 6; hence, as in the preced- 
ing example, 

P3 = 39,760; and P^ = 33,750 pounds; but 

Pt = (7 -^-2 X -|-) -|- X 12,000 = 36,000 pounds. 

The strength equals 33,750 pounds, and this joint is stronger than 
either of the first two. 
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EXAMPLES FOR PRACTICE. 

Note. Use working strengths as in example 1, above. 
St = 12,000, S, = 7,500, and Sc = 15,000 pounds per square inch. 

1. Two half-inch plates 5 inches wide are connected by a 
lap joint, with two |-inch rivets in a row. What is the safe 
strength of the joint ? 

Ans. 6,625 pounds. 

2. Solve the preceding example supposing that four |-incb 
rivets are used, in two rows. 

Ans. 13,250 pounds. 

3. Solve example 1 supposing that three 1-inch rivets are 

used, placed in a row lengthwise of the joint. 

Ans. 17,670 pounds. 

4. Two half-inch plates 5 inches wide are connected by a 
butt joint (tw^o cover-plates), and four |-inch rivets are used, in 
two rows. What is the strength of the joint ? 

Ans. 11,250 pounds. 

io6. Efficiency of a Joint. The ratio of the strength of a 
joint to that of the solid plate is called the " efficiency of the 
joint." If ultimate strengths are used in computing the ratio, 
then the efficiency is called ultimate efficiency; and if working 
strengths are used, then it is called worlcing efficiency. In the 
following, we refer to the latter. An efficiency is sometimes ex- 
pressed as a per cent. To express it thus, multiply the ratio 
strength of joint -^ strength of solid plate ^ by 100. 

Exanvple. It is required to compute the efficiencies of the 
joints described in the examples worked out in the preceding article. 

In each case the plate is \ inch thick and 7^ inches wide; 
hence the tensile working strength of the solid plate is 

74" X -g- X 12,000 -- 45,000 pounds. 
Therefore the efficiencies of the joints are : 

^^) 4p00^^'^*'''''**P''''*'^"*' 

(2) SfoC^^-^^'^^^^P^^^"^'' 
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STATICS. 



This subject, called Statics, is a branch of Mechanics. It 
deals with principles relating especially to forces which act upon 
bodies at rest, and with their useful applications. 

There are two quite different methods of carrying on the 
discussions and computations. In one, the quantities under con- 
sideration are represented by lines and the discussion is wholly by 
means of geometrical figures, and computations are carried out by 
means of figures drawn to scale; this is called the graphical 
method. In the other, the quantities under consideration are 
represented by symbols as in ordinary Algebra and Arithmetic, 
and the discussions and computations are carried on by the methods 
of those branches and Trigonometry; this is called the algebraic 
method. In this paper, both methods are employed, and generally, 
in a given case, the more suitable of the two. 

I. PRELIMINARY. 

I. Force. The student, no doubt, has a reasonably clear idea as 
to what is meant by force, yet it may be well to repeat here a few 
definitions relative to it. By force is meant simply a j[>%Lsh or 
pulL Every force has mas^nitude, and to express the magnitude 
of a given force we state how many times greater it is than some 
standard force. Convenient standards are those of weight and 
these are almost always used in this connection. Thus when we 
speak of a force of 100 pounds we mean a force equal to the 
weight of 100 pounds. 

We say that a force has direction, and we mean by this the 
direction in which the force would move the body upon which it 
acts if it acted alone. Thus, Fig. 1 represents a body being 
pulled to the right by means of a cord; the direction of the force 
exerted upon the body is horizontal and to the right. The direc- 
tion may be indicated by any line drawn in the figure parallel to 
the cord with an arrow on it pointing to tlie right. 

We say also that a force has a place of applicatioiit and we 
mean by that the part or place on the body to which the force is 
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applied. When the place of application is small so that it may be 
regarded as a point, it is called the " point of application." Thtis 
the place of application of the pressure (push or force) which a 
locomotive wheel exerts on the rail is the part of the surface of 
the rail in contact with the wheel. For practically all purposes 
this pressure may be considered as applied at a point (the center 
of the surface of contact), and it is called the point of application 
of the force exerted by the wheel on the rail. 

A force which has a point of application is said to have a line 
of action, and by this term is meant the line through the point of 
application of the force parallel to its direction. Thus, in the 
Fig. 1, the line of action of the force exerted on the body is 
the line representing the string. Notice clearly the distinction 

between the direction and line of action 
of the force; the direction of the force in 
______ the illustration could be represented by 

any horizontal line in the figure with an 
p. - arrowhead upon it pointing toward the 

right, but the line of action can be rep- 
resented only by the line representing the string, indefinite as to 
length, but definite in position. 

That part of the direction of a force which is indicated by 
means of the arrowhead on a line is called the sense of the foroe. 
Thus the sense of the force of the preceding illustration is toward 
the right and not toward the left. 

a. Specification and Graphic Representation of a Force. 
For the purposes of statics, a force is completely specified or 
described if its 

(1) magnitude, (2) line of action, and (3) sense are known 
or given. 

These three elements of a force can be represented graphically, 
that is by a drawing. Thus, as already explained, the straight line 
(Fig. 1) represents the line of action of the force exerted upon the 
body; an arrowhead placed on the line pointing toward the right 
gives the sense of the force; and a definite length marked oflP on the 
line represents to some scale the magnitude of the force. For ex- 
ample, if the magnitude is 50 pounds, then to a scale of 100 pounds 
to the inch, one-half of an inch represents the magnitude of the force. 
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It is often convenient, especially when many forces are con- 
cerned in a single problem, to use two lines instead of one to 
represent a force — one to represent the magnitude and one the 
line of action, the arrowhead being placed on either. Thus Fig. 2 
also represents the force of the preceding example, AB (one-half 
inch long) representing the magnitude of the force and ah its line 
of action. The line AB might have been drawn anywhere in the 
figure, but its length is definite, being fixed by the scale. 

The part of a drawing in which the body upon which forces 

act is represented, and in 
which the lines of action of the 

■^= " '- ^ forces are drawn, is called the 

Sc«Ue:lln.-iooIlMi space diagram (Fig. 2a). 
j^ /^i If the body were drawn to 

„. ^ scale, the scale would be a cer- 

Fig. 2. , ' , 

tain number of inches or feet 
to the inch. The part of a drawing in which the force magnitudes 
are laid oif (Fig. 2b) is called by various names ; let us call it the 
force diagram. The scale of a force diagram is always a certain 
number of pounds or tons to the inch. 

3. Notation. When forces are represented in two separate 
diagrams, it is convenient to use a special notation, namely: a 
capital letter at each end of the line repi'esenting the magnitude 
of the force, and the same small letters on opposite sides of the 
line representing the action line of the force (see Fig. 2). When 
we wish to refer to a force, we shall state the capital letters used 
in the notation of that force; thus "force AB" means the force 
whose magnitude, action line, and sense are represented by the 
lines AB and ah. 

In the algebraic work we shall usually denote a force by the 
letter F. 

4. Scales. In this subject, scales will always be expressed 
in feet or pounds to an inch, or thus, 1 inch = 10 feet, 1 inch = 
100 pounds, etc. The number of feet or pounds represented by 
one inch on the drawinor is called the scale number. 

To find the length of the line to represent a certain distance 
or force^ divide the distance or force hy the scale number^ the 
quotient is the length to he laid off in the drawing. To find the 



139 



6 STATICS 



magnitude of a distance or a force represented hy a certain line 
in a drawing^ multiply the length of the line hy the scale num,- 
her; the product is the m/ignitude of the distance orforce^ as the 
case may be. 

The scale to be used in making drawings depends, of course, 
npon how large the drawing is to be, and upon the size of the 
quantities which must be represented. In any case, it is con- 
venient to select the scale number so that the quotients obtained 
by dividing the quantities to be represented may be easily laid off 
by means of the divided scale which is at hand. 

Examples. 1. If one has a scale divided into 32nds, what 
is the convenient scale for representing 40 pounds, 82 pounds, 56 
pounds, and 70 pounds ? 

According to the scale, 1 inch = 32 pounds, the lengths 
representing the forces are respectively : 

40 ,, 32 , 56 ,,, 70 „ . ^ 
32 = ^i'^ 32=1' 32 = ^'' 3^ = 2,3^ mches. 

Since all of these distances can be easily laid off by means of the 
" sixteenths scale," 1 inch = 32 pounds is convenient. 

2. What are the forces represented by three lines, 1.20, 2.11, 
and 0.75 inches long, the scale being 1 inch = 200 pounds ? 

According to the rule given in the foregoing, we multiply 
each of the lengths by 200, thus : 

1.20 X 200 = 240 pounds. 
2.11 X 200 = 422 pounds. 
0.75 X 200 = 150 pounds. 

EXAMPLES FOR PRACTICE. 

1. To a scale of 1 inch = 500 pounds, how long are the 
lines to represent forces of 1,250, 675, and 900 pounds ? 

Ans. 2.5, 1.35, and 1.8 inches 

2. To a scale of 1 inch = 80 pounds, how large are the 
forces represented by IJ and 1.0 inches ? 

Ans. 100 and 128 pounds. 

5. Concurrent and Non-concurrent Forces. If the lines of 
action of several forces intersect in a point they are called concur- 
rent forces, or a concurrent system, and the point of intersection 
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is called the point of concurrence of. the forces. If the lines of 
action of several forces do not intersect in the same point, they are 
called non -concurrent, or a non-concurrent system. 

We shall deal only with forces whose lines of action lie in the 
same plane. It is true that one meets with problems in which 
there are forces whose lines of action do not lie in a plane, but 
such problems can usually be solved by means of the principles 
herein explained. 

6. Equilibrium and Equilibrant. When a number of forces 
act upon a body which is at rest, each tends to move it ; but the 
effects of all the forces acting upon that body may counteract or 
neutralize one another, and the forces are said to be balanced or in 
equilihriufn. Any one of the forces of a system in equilibrium 
balances all the others. A single force which balances a number 
of forces is called the equilibrant of those forces. 

7. Resultant and Composition. Any force which would pro- 
duce the same effect (so far as balancing other forces is concerned) as 
that of any system, is called the resultant of that system. Evidently 
the resultant and the equilibrant of a system of forces must be 
equal in magnitude, opposite in sense, and act along the same line. 

The process of determining the resultant of a system of forces 
is called composition. 

8. Components and Resolution. Any number of forces 
whose combined effect is the same as that of a single force are 
called comjonents of that force. The process of determining the 
components of a force is called resolution. The most important 
case of this is the resolution of a force into two components. 

if. CONCURRENT FORCES ; COMPOSITION AND RESOLUTION. 

9. Graphical Composition of Two Concurrent Forces. If 

two forces are represented in Tnagn'tiule and direction hy AB 
and HC (^Fig, 5), the magnitude and direction of their resultant 
is represented by AC. This is known as the " triangle law." 

The line of action of the resultant is, parallel to AC and 
pOfSses through the point of concurrence of the two given forces\ 
thus the line of action of the resultant is ac. 

The law can be proved experimentally by means of two spring 
balances, a drawing board, and a few cords arranged as shown in 
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Fig. 4. The drawing board (not shown) is set up vertically, then 
from two nails in it the spring balances are hung, and these in 
turn support by means of two cords a small ring A from which a 
heavy body (not shown) is suspended. The ring A is in equilibrium 
under the action of three forces, a downward force equal to the 





(^) 



(b) 



Fig. 3. 



weight of the suspended body, and two forces exerted by the upper 
cords whose values or magnitudes can be read from the spring 
balances. The first force is the equilibrant of the other two. 
Knowing the weight of the suspended body and the readings of 
the balances, lay off AB equal to the pull of the right-hand upper 
string according to some convenient scale, and BC parallel to the 




Fig. 4. 

left-hand upper string and equal to the force exerted by it. It 
will then be found that the line joining A and C is vertical, and 
equals (by scale) the weight of the suspended body. Hence AC, 
with arrowhead pointing down, represents the equilibrant of the 
two upward pulls on the ring; and with arrowhead pointing up, it 
represents the resultant of those two forces. 
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Notice especially how the arrowheads are related in the tri- 
angle (Fig. 3), and be certain that you understand this lav. before 
proceeding far, as it is the basis of most of this subject. 

Examples, Fig. 5 represents a board 3 feet square to which 
forces are applied as shown. It 
is required to compound or find 
the resultant of the 100- and 80- 
pound forces. 

First we make a drawing of 
the board and mark upon it the 
lines of action of the two forces 
whose resultant is to be found, as 
in Fig. 6. Then by some conven- 
ient scale, as 100 pounds to the 
inch, lay oflE from any convenient 
point A, a line AB in the direc- 
tion of the 100-pound force, and make AB one inch long, repre- 
senting 100 pounds by the scale. Then from B lay off a line BO 
in the direction of the second force and make BC, 0.8 of an inch 




loolbs. 



leoibs. 



X8olbs. 




Sca^lc: lin.-loolbe. 
C 
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Fig. 6. 



long.^ representing 80 pounds by the scale. Then the line AC, with 
the arrow pointing from A to C\ represents the magnitude and 
direction of the resultant. Since AC equals 1.0() inch, the result- 
ant equals 

1.06 X 100 -= 106 pounds. 

The line of action of the resultant is a(\ parallel to AC and pass- 
ing through the intersection of the lines of action (the point of 
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concurrence) of the given forces. To complete the notation, we 
mark these lines of action ah and he as in the figure. 



EXAMPLES FOR PRACTICE.* 

1. Determine the resultant of the 100- and the 120-pound 
forces represented in Fig. 5. 

{ The magnitude is 194 pounds; the force 
Ans. ) acts upward through A and a jx)int 1.62 
{ feet to the right of D. 

2. Determine the resultant of the 120- and the 160-pound 
forces represented in Fig. 5. 

i The magnitude is 200 pounds; the force 
Ans. -J acts upward through A and a point 9 
( inches below C. 

ID. Als^ebraic Composition of Two Concurrent Forces. If 

the angle between the lines of action of the two forces is not 90 

degrees, the algebraic method is 
^ not simple, and the graphical is 
usually preferable. If the angle 
is 90 degrees, the algebraic meth- 
od is usually the shorter, and this 
is the only case herein explained. 
Let Fj and F2 be two forces 
acting through some point of a 
body as represented in Fig. 7«. AB and BO represent the magni- 
tudes and direction of F^ and Fo respectively; then, according to 
the triangle law (Art. 9), AO represents the magnitude and direc- 
tion of the resultant of Fj and Fo, and the line marked R (parallel 
to iVC) is the line of action of that resultant. Since ABO is a 
right triangle. 




w 



Fig. 7. 



and, 



(AC)^--(AB)^+(BC)l 

tan C AI3 ^-^ -^w 

AB 



* Use sheets of paper not smaller than large letter size, and devote a full 
sheet to each example. In reading the answers to these examples, remember 
that the board on which the forces act was stated to be 3 feet square. 
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Now let R denote the resultant. 8ince AC, AB, and BC 
represent R, F^, and F2 respectively, and angle CAB = a?, 



IV = Fi» + F./; or R = 1 l\' -) F,^; 
and, tan a? = Fj, -^- Fj. 

By the help of these two equations we compute the magni- 
tude of the resultant and inclination of its line of action to the 
force Fj. 

Exa)}i2)le. It is required to determine the resultant of the 
120- and the 160-pound forces represented in Fig. 5. 

Let us call the 100-pound force F^; then, 

R = Vim' + 120^ = 1/ 25,600 + 14,400 

= 1/40,000 == 200 pounds; 

120 
and, tan x = ^-rr: — \ ; hence x = 36 ' 52'. 

The resultant therefore is 200 pounds in magnitude, acts through 
A (Fig. 5) upward and to the right, making an angle of 36'^ 52' 
with the horizontal. 

EXAMPLES FOR PRACTICE. 

1. Determine the resultant of the 50- and 70-pound forces 
represented in Fig. 5. 

( R = 86 pounds; 

I angle between R and 70-pound force = 35*^ 32'. 

2. Determine the resultant of the 60- and 70-pound forces 
represented in Fig 5. 

j R =::= 92.2 pounds ; 

j angle between R and 70-pound force =.- 40^ 36'. 

II. Force Polygon. If lines representing the magnitudes 
and directions of any number of forces be drawn continuous and 
so that the arrowheads on the lines point the same way around on 
the series of lines, the figure so formed is called \hQ force iwlygon 
for the forces. Thus ABCD (Fig. 8) is a force polygon for the 
80-, 90-, and 100-pound forces of Fig. 5, for AB, BC, and CD rep- 
resent the magnitudes and directions of those forces respectively, 
and the arrowheads point in the same way around, from A to D. 
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A number of force polygons can be drawn for any system of 
forces, no two alike. Thus A^ Bj Cj D^ and A^ B^ Cj D, are other 
force polygons for the same three forces, 80, 90, and 100 pounds. 
Notice that A, Bj C, D, is not a force polygon for the three forces 
although the lines represent the three forces in magnitude and 
direction. The reason why it is not a force polygon is that the 
arrowheads do not all point the same way around. 






\&Olb5. J^yy 



loolbs. / 




Fig. 8. 

A force polygon is not necessarily a closed figure. If a force 
polygon closes for a system of concurrent forces, then evidently 
the resultant equals zero. 

EXAMPLE FOR PRACTICE. 

Draw to the same scale as many different force polygons as 
you can for the 100-, 120- and IGO-pound forces of Fig. 5. Bear 
in mind that the arrowheads on a force polygon point the same 
way around. 

13. Composition of More Than Two Concurrent Forces. The 
graphical is much the simpler method; therefore the algebraic one 
will not be explained. The following is a rule for performing the 
composition graphically: 

(1). Draw a force polygon for the giv^en forces. 

(2). Join the two ends of the polygon and place an arrow- 
head on the joining line pointing from the beginning to the end 
of the polygon. That line then represents the magnitude and 
direction of the resultant. 

(3). Draw a line through the point of concurrence of the 
given forces parallel to the line drawn as directed in (2). This line 
represents the action line of the resultant. 

Example, It is required to determine the resultant of the 
four forces acting through the point E (Fig. 5). 
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First, make a drawing of the board and indicate the lines of 
action of the forces as shown in Fig. 9, but without lettering. 
Then to construct a force polygon, draw from any convenient point 
A, a line in the direction of one of the forces (the 70-pound force), 
and make AB equal to 70 pounds according to the scale (70 -f- 
100 = 0.7 inch). Then from B draw a line in the direction of 
the next force (80-pound), and make BC equal to 0.8 inch, rep- 
resenting 80 pounds. Next draw a line from C in the direction 
of the third force (90-pound), and make CD equal to 0.9 inch, 
representing 90 pounds. Finally draw a line from D in the direc- 
tion of the last force, and make DE equal to 0.6 inch, representing 
60 pounds. The force polygon is ABCDE, beginning at A and 
ending at E. 

The second step is to connect A and E and place an arrow- 
head on the line pointing from A to E. This represents the 




6olb8. 




Fig. 9. 



magnitude and direction of the resultant. Since AE = 1.16 
inches, the resultant is a force of 

1.16 X 100 = 116 pounds. 

The third step is to draw a line ae through the point of con- 
currence and parallel to AE. This is the line of action of the 
resultant. (To complete the notation the lines of action of the 70-, 
80-, 90- and 60-pound forces should be marked aJ, hc^ cd^ and de 
respectively.) 

That the rule for composition is correct can easily be proved. 
According to the triangle law, AC (Fig. 9), with arrowhead point- 
ing from A to C, represents the magnitude and direction of the 



\M 



14 



STATICS 



resultant of the 70- and 80-pound forces. According to the law, 
AD, with arrowhead pointing from A to D, represents the magni- 
tude and direction of the resultant of AC and the OO-pound force, 
hence also of the 70-, 80-, and 90-pound forces. According to the 
law, AE with arrowhead pointing from A to E, represents the 
magnitude and direction of the resultant of AD and the 60-pound 
force. Thus we see that the foregoing rule and the triangle law 
lead to the same result, but the application of the rule is shorter as 
in it we do not need the lines AG and AD. 

EXAMPLES FOR PRACTICE. 

1. Determine the resultant of the four forces acting through 
the point A (Fig. 5). 

( 380 pounds acting upward through A and a 
' ( point 0.45 feet below C. 
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2. Determine the resultant of the three forces acting at the 
point F (Fig. 5). 

[ 175 pounds acting upward through F and a 
I point 0.57 feet to left of C. 

13. Graphical Resolution of Force into Two Concurrent 
Components. This is performed by applying the triangle law 
inversely. Thus, if it is required to resolve the 100-pound force 
of Fig. 5 into two components, we draw first Fig. 10 (a) to show 
the line of action of the force, and then AB, Fig. 10 (b), to represent 
the magnitude and direction. Then draw from A and B any two 
lines which intersect, mark their intersection C, and place arrow- 
heads on AC and CB, pointing from A to C and from C to B. Also 
draw two lines in the space diagram parallel to AC and CB and so 
that they intersect on the line of action of the 100-pound force, ab. 



148 



STATICS 15 



The test of the correctness of a solution like this is to take 
the two components as found, and find their resultant; if the 
resultant thus found agrees in magnitude, direction, and sense 
with the given force (originally resolved), the solution is correct. 

Notice that the solution above given is not definite, for the 
lines drawn from A and B were drawn at random. A force may 
therefore be resolved into two components in many ways. If, 
however, the components have to satisfy conditions, there may be 
but one solution. In the most important case of resolution, the 
lines of action of the components are given; this case is definite, 
there being but one solution, as is shown in the following example. 

Example. It is required to resolve the 100-pound force 
(Fig. B) into two components acting in the lines AE and AB. 

Using the space diagram of Fig. 10, draw a line AB in Fig. 
10 (c) to represent the magnitude and direction of the 100-pound 
force, and then a line from A parallel to the line of action of 
either of the components, and a line from B parallel to the other, 
thus locating D (or D' ) . Then AD and DB (or A D' and D'B) repre- 
sent the magnitudes and directions of the required components. 

BXAMPLBS FOR PRACTICE. 

1. Resolve the 160-pound force of Fig. 5 into components 
which act in AF and AE. 

iThe first component equals 238 i pounds, and its sense 
is from A to F; the second component equals 119 J 
pounds, and its sense is from E to A. 

2. Resolve the 50-pound force of Fig. 5 into two compo- 
nents, acting in FA and FB. 

( The first component equals 37.3 pounds, and its sense 
Ans. < is from A to F; the second component equals 47.0 

( pounds, and its sense is from B to F. 
14. Als^ebraic Resolution of a Force Into Two Components. 
If the angle between the lines of action of the two components is 
not 90 degrees, the algebraic method is not simple and the 
graphical method is usually preferable. When the angle is 90 
degrees, the algebraic method is usually the shorter, and this is the 
only case herein explained. 

Let F (Fig. 11) be the force to be resolved into two compo- 
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nents acting in the lines OX and OY. If AE is drawn to repre- 
sent the magnitude and direction of F, and lines be drawn horn 
A and B parallel to OX and OT, thus locating C, then AC and 
BC with arrowheads as shown represent the magnitudes and 
directions of the required components. 

Now if F and F" represent the components acting in OX 
and OT, and x and y denote the angles between F and F", and F 
and F" respectively, then AC and BC represent F' and F", and the 
angles BAC and ABC equal x and y respectively. From the 
right triangle ABC it follows that 

and, F' = F cos a?, and F" = F cos y. 

If a force is resolved into two components whose lines of 

action are at right angles to 
*x-v each other, each is called a 

rectangular component of 
that force. Thus F and F" 
are rectangular components 
ofF. 

p. -^ The foregoing equations 

show that the rectangular 
component of a force along any line equals the product of the 
force and the cosine of the angle between the force and the line. 
They show also that tJie rectangular component of a force along 
its own line of action equals the force^ and its rectangular com- 
ponent at right angles to th^ line of action equals zero. 

Examples. 1. A force of 120 pounds makes an angle of 
22 degrees with the horizontal. What is the value of its compo- 
nent along the horizontal ? * 

Since cos 22° = 0.927, the value of the component equals 
120 X 0-927 = 111.24 pounds. 

2. What is the value of the component of the 90-pound 
force of Fig. 5 along the vertical ? 

First we must find the value of the angle which the 90-pound 
force of Fig. 5 makes with the vertical. 




* When nothing is stated herein as to whether a component is rectan- 
gular or not, then rectangular component is meant. 
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EG 
Since tan EAG = "j^ = i a^^gl® EAG = 26^ 34'. 

Hence the value of the desired component equals 

90 X cos 26° 34' = 90 X 0.8944 = 80.50 pounds. 

BXAMPLES FOR PRACTICE. 

1. Compute the horizontal and yei*tical components of a 
force of 80 pounds whose angle with the horizontal is 60 degrees 

( 40 pounds. 
^®- I 69.28 pounds. 

2. Compute the horizontal and vertical components of the 
100-pound force in Fig. 5. What are their senses ? 

( 89.44 pounds to the right. 
( 44.72 pounds upwanfs. 

3. Compute the component of the 70-pound force in Fig. 5 
along the line EA. What is the sense of the component ? 

Ans. 31. 29 pounds ; £ to A. 

III. CONCURRENT FORCES IN EQUILIBRIUM. 

15* Condition of Equilibrium Defined. By condition of 
equilibrium of a system of forces is meant a relation which they 
must fulfill in order that they may be in equilibrium or a relation 
which they fulfill when they are in equilibrium. 

In order that any system may be in equilibrium, or be 
balanced, their equilibrant, and hence their resultant, must be 
zero, and this is a condition of equilibrium. If a system is known 
to be in equilibrium, then, since the forces balance among them- 
selves, their equilibrant and hence their resultant also equals zero. 
This (the necessity of a zero resultant) is known as the general 
condition of equilibrium for it pertains to all kinds of force sys- 
tems. For special kinds of systems there are special conditions, 
some of which are explained in the following. 

i6. Graphical Condition of Equilibrium. The '^graphical 
condition of equiUhrium,'*^ for a system of concurrent forces is 
that the polygon for the forces m/ust close. For if the polygon 
closes, then the resultant equals zero as was pointed out in Art 11. 

By means of this condition we can solve problems relating to 
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concurrent forces which are known to be in equilibriam. The 
most common and practically important of these is the following: 
The forces of a concurrent system in equilibrium are all 
known except two, but the lines of action of these two are known; 
it is required to determine their magnitudes and directions. This 
problem arises again and again in the '^ analysis of trusses '' (Arts. 
23 to 26) bat will be illustrated first in simpler cases. 

Example. 1. Fig. 12 represents a body resting on an in- 
clined plane being prevented from slipping down by a rope 
fastened to it as shown. It is required to determine the pull or 
tension on the rope and the pressure of the plane if the body 

weighs 120 pounds and the 
A surface of the plane is per- 

\ SceJe: fectly smooth.* 
^ n.- oo . There are three forces act- 
\ ing upon the body, namely, 

^^ its weight directly down- 

wards, the pull of the rope 
Fig. 12. and the reaction or pressure 

of the plane which, as ex 
plained in the footnote, is perpendicular to the plane. We now 
draw the polygon for these forces making it close; thus draw AB 
(1.2 inches long) to represent the magnitude and direction of the 
weight, 120 pounds, then from A a line parallel to either one of 
the other forces, from B a line parallel to the third, and mark the 
intersection of these two lines C; then ABC A is the polygon. Since 
the arrowhead on AB must point down and since the arrowheads 
in any force polygon must point the same way around, those on 
BC and C A must point as shown. 

Hence BC (0.6 inch, or 00 pounds) represents the magnitude 
and direction of the pull of the rope and CA (1.04 inches, or 104 




* By " a perfectly smooth " surface is meant one which offers no resist- 
ance to the sliding of a body upon it. Strictly, there are no such surfaces, as 
all real surfaces exert more or less frictional resistance. But there are sur- 
faces which are practically perfectly smooth. We use perfectly smooth sur- 
faces in some of our ill ust rations and examples for the sake of simplicity, for 
we thus avoid the force of friction, and the reaction or force exerted by such 
a surface on a body lostin.i^ upon it is perpendicular to the surfacet 
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poands) represents the magnitude and direction of the pressure of 
the plane on the body. 

2. A body weighing 200 poupds is suspended from a small 
ring which is supported by means of two ropes as shown in Fig. 
13. It is required to determine the pulls on the two ropes. 

There are three forces acting on the ring, namely the down- 
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ward force equal to the weight of the body and the pulls of the 
two ropes. Since the ring is at rest, the three forces balance or 
are in equilibrium, and hence their force polygon must close. We 
proceed to draw the polygon and in making it 
close, we shall determine the values of the un- 
known pulls. Thus, first draw AB (1 inch long) 
to represent the magnitude and direction of the 
known force, 200 pounds; the arrowhead on it 
must point down. Then from A a line parallel 
to one of the ropes and from B a line parallel to 
the other and mark their intersection C. ABC A 
is the polygon for the three forces, and since in any force polygon 
the arrows point the same way around, we place arrowheads on 
BC and C A as shown. Then BO and CA represent the magnitudes 
and directions of the pulls exerted on the ring by the right- and 
left-hand ropes respectively. 

BO = 0.895 inches and represents 179 pounds. 
CA = 0.725 inches and represents 145 pounds. 

The directions of the pulls are evident in this case and the arrow- 
heads are superfluous, but they are mentioned to show how to 
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place them and what they mean so that they may be used when 
necessary. To complete the notation, the rope at the right should 
be marked ho and the other ca. 

EXAHPLES FOR PRACTICE. 

1. Fig. 14 represents a body weighing 800 pounds sus- 
pended from a ring which is supported by two ropes as shown. 
Compute the pulls on the ropes. 

. ( Pull in the horizontal rope = 400 pounds. 
' I Pull in the inclined rope = 894 pounds. 

2. Suppose that in Fig. 1% the rope supporting the body on 

the plane is so fastened that it is horizontal. Determine the pull 

on the rope and the pressure on the plane if the inclination of the 

plane to the horizontal is 30 degrees and the body weighs 120 

pounds. 

. ( Pull = 68.7 pounds. 

( Pressure = 138 pounds. 

3. A sphere weighing 400 pounds rests in a V-shaped 
trough, the sides of which are inclined at 60 degrees with the 
horizontal. Compute the pressures on the sphere. 

Ans. 400 pounds. 

17. Algebraic Conditions of Equilibrium. Imagine each 
one of the forces of a concurrent system in equilibrium replaced by 
its components along two lines at right angles to each other, 
horizontal and vertical for example, through the point of concur- 
rence. Evidently the system of components would also be in 
equilibrium. Now since the components act along one of two 
lines (horizontal or vertical), all the components along each line 
muBt balance among themselves for if either set of components 
were not balanced, the body would be moved along that line. 
Hence we state that the conditions of equilibrium of a system of 
concurrent forces are that the resultants of the two sets of com- 
ponents of the forces along any two lines at right angles to each 
other must equal zero. 

If the components acting in the same direction along either of 
the two lines be given the plus sign and those acting in the other 
direction, the negative sign, then it follows from the foregoing 
that the condition of equilibrium for a concurrent system is that 
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the algebraic sums of the components of the forces along ea^h oj 
two lines at right angles to each other must equal zero. 

Examples. 1. It is required to determine the pull on the 
rope and the pressure on the plane in Example 1, Art. 16 (Fig. 12), 
it being given that the inclination of the plane to the horizontal is 
30 degrees. 

Let us denote the pull of the rope by F^ and the pressure of 
the plane by F2. The angles which these forces make the horizon- 
tal are SO"* and G0° respectively; hence 

the horizontal component of Fj = Fj X cos 30^ = 0.8660 Fj, 

and " " « '' F2 = F2 X cos 00" = 0.5000 Y^\ 

also " " " " the weight = 0. 

The angles which Fj and Fg make with the vertical are 60*^ and 
30° respectively, hence 

the vertical component of F^ = F^ X cos 60° = 0.5000 Fj, 
and the vertical component of Fg = Fg X cos 30° = 0.8660 Fg; 
also the vertical component of the weight = 120. 

Since the three forces are in equilibrium, the horizontal and the 
vertical components are balanced, and hence 

0.866 Fj = 0.5 F2 
and 0.5 Fj + 0.866 F, = 120. 

From these two equations Fj and F2 may be determined ; thus 
from the first, 

F. = ^ F, = 1.732 F.. 

Substituting this value of F, in the second equation we have 

0.5 Fi + 0.866 X 1.732 Fi = 120, 

or 2 Fj = 120; 

120 ,^ 
hence, Fj = -^ = bO pounds, 

and F2 = 1.732 X 60 = 103.92 pounds. 

2. It is required to determine the pulls in the ropes of 
Fig. 13 by the algebraic method, it being given that the angles 
which the left- and right-hand ropes make with the ceiling are 
30 and 70 degrees respectively. 
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Let us di3UOte the pulls in the right- and left-hand ropes by 
Fj and Fo respectively. Then 

the horizontal component of Fj = P\ X cos 70"^ = 0.342 Fi, 
the horizontal component of Fj = F2 X cos 30^ = 0.866 F2, 
the horizontal component of the weight = 0, 
the vertical component of F^ = F^ X co3 20^ = 0.9397 F^, 
the vertical component of F2 = F2 X cos 00'' = 0.500 Fj, 
and the vertical component of the weight = 100. 

Now since these three forces are in equilibrium, the horizontal 

and the vertical components balance; hence 

0.342 Fi = 0.866 F, 

and 0.9397 F^ + 0.5 F^ = 100. 
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These etjuations may l)e solved for the unknown forces; thus from 
the first, 

P_ 0.800 ^ 

Substituting this value of F^ in the second eijuation, we get 

0.9397 X 2.532 F, + 0.5 F, = 100, 
or, 2.88 F, = 100 ; 

hence F.^ = ^—r. = 34.72 pounds, 

and Fi= 2.532 X 34.72 = 87.91 pounds. 

EXAHPLES FOR PRACTICE. 

1. Solve Ex. 1, Art. 16 algebraically. (First determine 
the angle which the inclined rope makes with the horizontal; you 
should find it tobe()3' 26'.) 
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2. Solve Ex. 2, Art. 16 algebraically. 

3. Solve Ex. 3, Art. 10 algebraically. 



IV. ANALYSIS OF TRUSSES; " HETHOD OF JOINTS." 

18. Trusses. A trass is a frame work used principally to 
Bupport loads as in roofs and bridges. Fig. 10, 25, 26 and 27 
represent several forms of trusses. The separate bars or rods, 12, 
23, etc. (Fig. 16) are called memhers of the truss and all the parts 
immediately concerned with the connection of a number of mem- 
bers at one place constitute a ^V^;^^. A "pin joint" is shown in 
Fig. 15 {ti) and a " riveted joint " in 15 (i). 

19. Truss Loads. The loads which trusses sustain may be 
classified into fixed, or dead, and moving or live loads. A fixed, 
or dead load, is one whose place of application is fixed with refer- 
ence to the truss, while a moving or live load is one whose place 
of application moves about on the truss. 

Roof truss loads are usually fixed, and consist of the weight 
of the truss, roof covering, the snow, and the wind pressure, if any. 
Bridge truss loads are fixed and moving, the first consisting of the 
weights of the truss, the floor or track, the snow, and the wind press- 
ure, and the second of the weight of the passing trains or wagons. 

In this paper we shall deal only with trusses sustaining fixed 
loads, trusses sustaining moving loads being discussed later. 

Weight of Roof Trusses. Before w^e can design a truss, it is 
necessary to make an estimate of its own weight; the actual weight 
can be determined only after the truss is designed. There are a 
number of formulas for computing the probable w^eight of a truss, 
all derived from the actual weights of existing trusses. If W 
denotes the weight of the truss, I the span or distance between 
supports and a the distance between adjacent trusses, then for steel 
trusses 

and the weight of a wooden truss is somewhat less.^ 

Roof Covering. The beams extending between adjacent 
trusses to support the roof are called j)urlins. On these there are 
sometimes placed lighter beams called rafters which in turn sup- 
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port roof boards or " sheathing '* and the other covering. Some- 
times the purlins are spaced closely, no rafters being used. 

The following are weights of roof materials in pounds per 
square foot oi roof surface: 

Sheathing: Boards, 3 to 5. 

Shingling: Tin, 1; wood shingles, 2 to 3; iron, 1 to 3; slate, 

10; tiles, 12 to 25. 

Bafters: 1.5 to 3. 

Purlins: Wood, 1 to 3; iron, 2 to 4. 

Snow Loads. The weight of the snow load that may have 
to be borne depends, of course, on location. It is usually taken 
from 10 to 30 pounds per square foot of area covered by the roof. 

Wind Pressure. Wind pressure per square foot depends on 
the velocity of the wind and the inclination of the surface on 
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Fig. 16. 

which it blows to the direction of the wind. A horizontal wind 
blowing at 90 miles per hour produces a pressure of about 40 
pounds per square foot on a surface perpendicular to the wind, 
while on surfaces inclined, the pressures are as follows: 

10"^ to the horizontal, 15 pounds per square foot, 

20^ (< " <( 24 ^^ '^ '^ '^ 

30° « « " 32 " " " " 

^0° u u u 3g u (( « i( 

50°-90° " " « , 40 " " " « 

The wind pressure on an inclined surface is pra^stically per- 
pendicular to the snrface, 

20. Computation of ««Apex Loads/' The weight of the 
roof covering including rafters and purlins comes upon the 
trusses at the points where they support the purlins; likewise the 
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pressure due to wind and snow. Sometimes all the purlins are 
supported at joints; in such cases the loads mentioned act upon the 
truss at its joints. However, the roof, snow, and wind loads are 
always assumed to be applied to the truss at the upper joints of 
the trusses. This assumption is equivalent to neglecting the bend- 
ing effect due to the pressure of those purlins which are not sup- 
ported at joints. This bending effect can be computed separately. 

The weight of the truss itself is assumed to come upon the 
truss at its upper joints; this, of course, is not exactly correct. 
Most of the weight does come upon the upper joints for the upper 
members are much heavier than the lower and the assumption is 
in most cases sufficiently correct. 

Examples. 1. It is required to compute the apex loads for 
the truss represented in Fig. 16, it being of steel, the roof such 
that it weighs 15 pounds per square foot, and the distance between 
adjacent trusses 14 feet. 

The span being 42 feet, the formula for weight of truss 
(Art. 19) becomes 

14 X 42 (|| + 1) = 1,575.84 pounds. 

The length 14 scales about 24^ feet, hence the area of roofing 
sustained by one truss equals 

48| X 14 = 679 square feet, 
and the weight of the roofing equals 

679 X 15 = 10,185 pounds. 

The total load equals 

1,575.84 + 10,185 = 11,760.84 pounds. 

Now this load is to be proportioned among the five upper joints, 
but joints numbered (1) and (7) sustain only one-half as much 
load as the others. Hence for joints (1) and (7) the loads equal 

-^ of 11,760 = 1,470, 

o 



and for (2), (4) and (5) they equal 



^of 11,760 = 2,940 pounds. 
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As the weight of the truss is only estimated, the apex loads would 
be taken as 1,500 and 3,000 pounds for convenience. 

2. It is required to compute the apex loads due to a snow 
load on the roof represented in Fig. 16, the distance between trusses 
being 14 feet. 

The horizontal area covered by the roof which is sustained by 
one truss equals 

42 X 14 = 588 square feet. 

If we assume the snow load equal to 10 pounds per horizontal 
square foot, than the total snow load borne by one truss equals 

588 X 10 = 5,880 pounds. 

This load divided between the upper joints makes 



-77- X 5,880 = 735 pounds 
at joints (1) and (7); and 

-J- X 5,800 = 1,465 poun ds 

at the joints (2), (4), and (5). 

3. It is required to compute the apex loads due to wind 
pressure on the truss represented in Fig. 16, the distance between 
trusses being 14 ft. 

The inclinatien of the roof to the horizontal can be found by 
measuring the angle from a scale drawing with a protractor or by 

computing as follows : The triangle 340 is equilateral, and hence 
its angles equal 00 degrees and the altitude of the triangle equals 

14 X sin 00 = 12.12 feet. 



The tangent of the angle 413 equals 

1?^ = 0.577, 

and hence the angle equals 30 degrees. 

According to Art. 19, 32 pounds per square foot is the proper 
value of the wind pressure. Since the wind blows only on one 
side of the roof at a given time, the pressure sustained by one truss 
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is the wind pressure on one half of the area of the roof sustained 
by one truss, that is 

14 X 24^ X 32 = 10,864 pounds. 

One half of this pressure comes upon the truss at joint (2) and onV 
fourth at joints (1) and (4). 

RXAMPLES FOR PRACTICE. 

1. Compute the apex loads due to weight for the truss 
represented in Fig. 27 if the roofing weighs 10 pounds per square 
foot and the trusses (steel) are 12 feet apart. 

Ans. As shown in Fig. 27. 

2. Compute the apex loads due to a snow load of 20 pounds 
per square foot on the truss of Fig. 25, the distance between 

trusses being 15 feet. 

{For joints (4) and (7), 1,200 pounds. 
For joints (1) and (3), 3,600 pounds. 
For joint (2) , 4,800 pounds. 

3. Compute the apex loads due to wind for the truss of Fig. 
26, the distance between trusses being 15 feet. 

/ Pressure equals practically 29 pounds per 
Ans. J square foot. Load at joint (2) is 4,860 and 
( at joints (1) and (3) 2,430 pounds. 

21. Stress in a Member. If a truss is loaded only at its 
joints, its members are under either tension or compression, but 
the weight of a member tends to bend it also, unless it is vertical. 
If purlins rest upon members between the joints, then they also 
bend these members. We have therefore tension members, com- 
pression members, and members subjected to bending stress com- 
bined with tension or compression. Calling simple tension or 
compression direct stress as in " Strength of Materials," then the 
process of determining the direct stress in the members is called 
" analyzing the truss." 

22. Forces at a Joint. By ^' forces at a joint " is meant all 
the loads, weights, and reactions which are applied there and the 
forces which the members exert upon it. These latter are pushes 
for compression members and pulls for tension members, in each 
case acting along the axis of the member. Thus, if the horizontal 
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and inclined members in Fig. 15 are in tension, they exert pulls 
on the joint, and if the vertical is a compression member, it ex- 
erts a push on the joint as indicated. The forces acting at a 
joint are therefore concurrent and their lines of action are 
always known. 

23. 'General Method of Procedure. The forces acting at a 
joint constitute a system in equilibrium, and since the forces are 
concurrent and their lines of action are all known, we can determine 
the magnitude of two of the forces if the others are all known ; for 
this is the important problem mentioned in Art. 16 which was 
illustrated there and in Art. 17. 

Accordingly, after the loads and reactions on a truss, which is 
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to be analyzed, have been ascertained*, we look for a joint at which 
only two members are connected (the end joints are usually such). 
Then we consider the forces at that joint and determine the two 
unknown forces which the two members exert upon it by methods 
explained in Arts. 16 or 17. The forces so ascertained are the 
direct stresses, or stresses, as we shall call them for short, and they 
are the values of the pushes or pulls which those saine rnernbers 
exert upon the joints at their other ends. 

Next we look for another joint at which but two unknown 
forces act, then determine these forces, and continue this process 
until the stress in each member has been ascertained. We explain 
further by means of 

Examples. 1. It is desired to determine the stresses in the 



* How to ascertain the values of the reactions is explained in Art. 37. 
For the present their values in any given case are merely stated. 
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members of the steel truss, represented in Fig. 16, due to its own 
weight and that of the roofing assumed to weigh 12 pounds per 
square foot. The distance between trusses is 14 feet. 

The apex loads for this case were computed in Example 1, 
Art. 20, and are marked in Fig. 16. Without computation it is 
plain that each reaction equals one-half the total load, that is, ^ of 
12,000, or 6,000 pounds. 

The forces at joint (1) are four in number, namely, the left 
reaction (6,000 pounds), the load applied there (1,500 pounds), 
and the forces exerted 

by members 12 and ^B 

13. For clearness, we 
represent these forces 
so far as known in Fig. 
17 (a); we can deter- 
mine the two un- 
known forces by 
merely constructing a 
closed force polygon 
for all of them. To 
construct the polygon, 
we first represent the 

known forces; thus AB (1 inch long with arrowhead pointing up) 
represents the reaction and BO (J inch long with arrowhead point- 
ing down) represents the load. Then from A and C we draw lines 
parallel to the two unknown forces and mark their intersection D 
(or D'). Then the polygon is ABCDA, and CD (1.5 inches = 
9,000 pounds) represents the force exerted by the member 12 on 
the joint and DA (1.3 inches = 7,800 pounds) represents the force 
exerted by the member 13 on the joint. The arrowheads on BC 
and CD must point as shown, in order that all may point the same 
way around, and hence the force exerted by member 12 acts 
toward the joint and is a push, and that exerted by 13 acts away 
from the joint and is a pull. It follows that 12 is in compression 
and 13 intension. 

If D' be used, the same results are reached, for the polygon is 
ABCD'A with arrowheads as shown, and it is plain that CD' and 
DA also D' A and CD are equal and have the same sense. But one 
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of these force polygons is preferable for reasons explained later. 
Since 12 is in compression, it exerts a push (9,000 pounds) 
on joint (2) as represented in Fig. 18 {a)j and since 13 is in 
tension it exerts a pull (7,800 pounds) on joint (3) as represented 
in Fig. 19 (a). 

The forces at joint (2) are four in number, the load (3,000 
pounds), the force 9,000 pounds, and the force exerted upon it by 
the members 24 and 28; they are represented as far as known in 

Fig. 18 (a). We determine the un- 

296o lbs. known forces by constructing a closed 

, . \ / polygoii for all of them. Represent- 

' ^ ^ ing the known forces first, draw AB 

• (1.5 inches long with arrowhead point- 

(b) ing up) to represent the 9,000 pound 

jg D ^ force and BC (^ inch long with arrow- 

\/ head pointing down) to represent the 

/ Scey.le: load of 8,000 pounds. Next from A 

Q lln.=6ooollDS. and C draw lines parallel to the two 
Fig. 19. unknown forces and mark their inter- 

section D; then the force polygon is 
ABCDA and the arrowheads on CD and DA must point as shown. 
CD (1.25 inches = 7,500 pounds) represents the force exerted on 
joint (2) by 24; since it acts toward the joint the force is a push 
and member 2t is in compression. DA (0.43 inches = 2,580 
pounds) represents the force exerted on the joint by member 23; 

since the force acts toward the joint it is a push and the member 
is in compression. Member 23 therefore exerts a push on joint 
(3) as shown in Fig. 19 {(i). 

At joiuu (3) there are four forces, 7,800 pounds, 2,580 

pounds, and the forces exerted on the joint by members 34 and 36. 

To determine these, construct the polygon for the four forces. 

Thus, AB (1.3 inches long with arrowhead pointing to the left) 

represents the 7,S00-pound force and BC (0.43 inches long with 

arrowheads pointing down) represents the 2,580-pound force. Next 

draw from A and C two lines parallel to the unknown forces and 

mark their intersection D; then the force polygon is ABCDx\ and 

the arrowhead on CD and DA must point upward and to the right 

respectively. CD (0.43 inches = 2,580 pounds) represents the 
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force exerted on the joint by member 84; since the force acts 
away from the joint it is a pull and the member is in tension. 
DA (0.87 inches = 4,920 pounds) represents the force exerted 
upon the joint by the member 36; since the force acts away from 
the joint, it is a pull and the member is in tension. 

We have now determined the amount and kind of stress in 
members 12, 18, 23, 24, 34 and 36. It is evident that the stress 
in each of the members on the right-hand side is the same as the 
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stress in the corresponding one on the left-hand side; hence further 
analysis is unnecessary. 

2. It is required to analyze the truss represented in Fig. 
20 (a)y the truss being supported at the ends and sustaining two 
loads, 1,800 and 600 pounds, as shown. (For simplicity we as- 
sumed values of the load; the lower one might be a load due to a 
suspended body. We shall solve algebraically.) 

The right and left reactions equal 900 and 1,500 pounds as 
IB shown in Example 1, Page 56. At joint (1) there are three 
forces, namely, the reaction 1,500 pounds and the forces exerted 

by members 13 and 14, which we will denote by Fj and F2 respect 
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ively. The three forces are represented in Fig. 20 (5) as far as 

they are known. These three forces being in equilibrium, their 

horizontal and their vertical components balance. Since there are 

but two horizontal components and two vertical components it 

follows that (for balance of the components) Fj must act downward 

and F2 toward the right. Hence member 13 pushes on the joint 

and is under compression while member 14 pulls on the joint and 

is under tension. From the figure it is plain that 

the horizontal component of Fj = F^ cos 53° 8' = 0.6 F^*, 

the horizontal component of F2 = F2, 

the vertical component of Fj = F^ cos 36° 52' = 0.8 Fj, 

and the vertical component of the reaction = 1,500. 

Hence 0.6 Fj = Fj, and 0.8 F^ = 1,500; 

^ 1,500 . .^^ 
or, ¥1 = "TTo^ = IjO « 5 pounds, 

and F2 = 0.6 X 1,875 = 1,125 pounds. 



Since members 14 and 13 are in tension and compression respect- 
ively, 14 pulls on joint (4) as shown in Fig. 20 (c) and 13 pushes 
on joint (3) as shown in Fig. 20 (d). 

The forces acting at joint (4) are the load 600 pounds, the 
pull 1,125 pounds, and the forces exerted by members 34 and 24; 
the last two we will call F3 and F4 respectively. The four forces 
being horizontal or vertical, it is plain without computation that 
for balance F4 must be a pull of 1,125 pounds and Fs one of 600 
pounds. Since members 42 and 43 pull on the joint they are 
both in tension. 

Member 43, being in tension, pulls down on joint (3) as 
shown in Fig. 20 (tZ). The other forces acting on that joint are 
the load 1,800 pounds, the push 1,875 pounds, the pull 600 
pounds, and the force exerted by member 33 which we will call 
F5. The only one of these forces having horizontal components 
are 1,875 and F5; hence in order that these two components may 
balance, F5 must act toward the left. F5 is therefore a push 
and the member 32 is under compression. 



* The angles can be computed from the dimensions of the truss; often 
they can be ascertained easiest by scaling them with a protractor from a 
large size drawing of the truss. 
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The horizontal component of 1,875 = 1,875 X cos 53° 8' = 1,125; 
and the horizontal component of F5 = Fj X cos 38° 40' = 
0.7808 F5. 
Hence 0.7808 F5 = 1,125, 



or. 



T. M25 , ,,^ 

F5 = -7^08= 1>**0 pounds. 



(This same truss is analyzed graphically later.) 

24. Notation for Graphical Analysis of Trusses. The nota* 
tion described in Art. 3 can be advantageously systematized in 
this connection as follows: Each triangular space in the diagram 
of the truss and the spaces between consecutive lines of action of 
the loads and reactions should be marked by a small letter (see 
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Fig. 21 a). Then the two letters on 
opposite sides of any line serve to denote 
that line and the same large letters are 
used to denote the force acting in that 
line. Thus cd (Fig. 21 a) refers to the 
member 12 and CD should be used to 
stand for the force or stress in that 
member. 

25. Polygon lor a Joint. In draw- 
ing the polygon for all the forces at a 
joint, it is advantageous to represent the 
forces in the order in which they occur 
about the joint. Evidently there are 
always two possible orders thus (see Fig. 20 (?) F^, 600, 1,875, and 
1,800 is one order around, and F^, 1,800, 1,875, and 600 is another. 
The first is called a clockwise order and the second counter-clockwise. 



lin.«6oooIbs. 

Fig. 21. 



167 



34 



STATICS 



A force polygon for the forces at a joint in which the forces are 
represented in either order in which they occur about the joint is 
called a polygon- for the joint ^ and it will be called a clockwise or 
counter-clockwise polygon according as the order followed is clock- 
wise or counter-clockwise. Thus in Fig. 17 (a), ABCDA is a 
clockwise polygon for joint (1). ABCD'A is a polygon for the 
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forces at the joint; it is not a poly- 
gon for \\iQ joint because the order 
in which the forces are represented 
in that polygon is not the same as 
either order in which they occur 
about the joint. 

(Draw the counter-clockwise 
polygon for the joint and compare 
it with ABCDA and ABCD'A.) 

20. Stress Diag:raiiis. If the 
polygons for all the joints of a truss 
are drawn separately as in Example 
1, Art. 23, the stress in each mem- 
ber will have been represented twice. It is possible to combine 
the polygons so that it will be unnecessary to represent the stress 
in any one member more than once, thus reducing the number 
of lines to be drawn. Such a combination of force polygons is 
called a stress diatrram. 

Fig 21 i^)^ is a stress diagram for the truss of Fig. 21 (a) 




Scd^le: 
lin.« looolbd. 

Fig. 22. 
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same as the truss of Fig. 16. It will be seen that the part of the 
stress diagram consisting of solid lines is a combination of separate 
polygons previously drawn for the joints on the left half of the 
truss (Figs. 17, 18 and 19.) It will also be seen that the polygons 
are all clockwise, but counter-clockwise polygons could be com- 
bined into a stress diagram. 

To Construct a Stress Diagram for a Truss Under Qiven 
Loads. 

1. Determine the reactions*. 

2. Letter the truss diagram as explained in Art. 24. 

3. Construct a force polygon for all the forces applied to the 
truss (loads and reactions) representing them in the order in 
which they occur around the truss, clockwise or counter-clock- 
wise. (The part of this polygon representing the loads is called 
a load line.) 

4. On the sides of that polygon, construct the polygons for 
all the joints. They must be clockwise or counter-clockwise ac- 
cording as the polygon for the loads and reactions is clockwise or 
counter-clockwise. (The first polygon for a joint must be drawn 
for one at which but two members are connected — the joints at 
the supports are usually such. Then one can draw in succession 
the polygons for joints at which there are not more than two un- 
known forces until the stress diagram is completed.) 

Example, It is desired to construct a stress diagram for the 
truss represented in Fig. 22 (<z), it being supported at its ends 
and sustaining two loads of 1,800 and GOO pounds as shown. 

The right and left reactions are 900 and 1,500 pounds as is 
shown in Example 1, Art. 37. Following the foregoing directions 
we first letter the truss, as shown. Then, where convenient, draw 
the polygon for all the loads and reactions, beginning with any 
force, but representing them in order as previously directed. 
Thus, beginning with the l,SOO-pound load and following the 
clockwise order for example, lay off a line 1.8 inch in length rep- 
resenting 1,800 pounds (scale 1,000 pounds to an inch); since the 
line of action of the force is hc^ the line is to be marked BC and 
B should be placed at the upper end of the line for a reason which 



* As already stated, methods for determining reactions are explained in 
Art. 37; for the present the values of the reactions in any example will be given. 
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will presently appear. The next force to be represented is the 
right reaction, 900 pounds ; hence from C draw a line upward and 
0.90 inch long. The line of action of this force being <?<?, the line 
just drawn should be marked CE and since C is already at the 
lower end, we mark the upper end E. (The reason for placing B 
at the upper end of the first line is now apparent.) The next 
force to be represented is the 600-pound load ; therefore we draw 
from E a line downward and 0.6 inch long, and since the line of 
action of that force is ef^ mark the lower end of the line F. The 
next force to be represented is the left reaction, 1,500 pounds, hence 
we draw a line 1.5 inches long and upward from F. If the lines 
have been carefully laid off, the end of the last line should fall at 
B, that is, the polygon should close. 

We are now ready to draw polygons for the joints; we may 
begin at the right or left end as we please but we should bear in 
mind that the polygons must be clockwise because the polygon for 
the loads and reactions (BCEFB) is such an one. Beginning at 
the right end for example, notice that there are three forces there, 
the right reaction, d^ and do. The right reaction is represented 
by GE, hence from E draw a line parallel to de and from one 
parallel to do and mark their intersection D. Then CEDO is the 
clockwise polygon for the right-hand joint, and since CE acts up, 
the arrows on ED and DO would point to the left and down 
respectively. It is better to place the arrows near the joint to 
which they refer than in the stress diagram ; this is left to the student. 
The force exerted by member ed on joint (2) being a pull, ed is 
under tension, and since ED measures 1.12 inches, the value of 
that tension is 1,120 pounds. The force exerted by member do on 
joint (2) being a push, do is under compression, and since DC 
measures 1.44 inches, the value of that compression is 1,440 pounds. 

The member do being in compression, exerts a push on the 
joint (3) and the member de being in tension, exerts a pull on the 
joint (4). Next indicate this push and pull by arrows. 

We might now draw the polygon for any one of the remain- 
ing joints, for there are at each but two unknown forces. We 
choose to draw the polygon for the joint (3). There are four 
forces acting there, namely, the 1,800-pound load, the push (1,440 
pounds) exerted by cd^ and the forces exerted by members ad and 
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Fig. 23. 



a J, unknown in amount and sense. Now the first two of these 
forces are already represented in the stress diagram by BC and 
CD, therefore we draw from D a line parallel to da and from B 
a line parallel to ha and mark their intersection A. Then BCDAB 
is the polygon for the joint, and since the arrowhead on BO and 
CD would point down and up respectively, DA acts down and 
AB up; hence place arrowheads in those directions on da and 
ah near the joint being considered. These arrows signify that 
member d't^ pulls on the joint and ha pushes; hence da is in tension 
and ha in compression. Since DA and AB measure 0.6 and 1.88 
inches respectively, the values 
of the tension and compression 
are 600 and 1,880 pounds. 

Next place arrowheads on 
ah and ad at joints (1) and (4) 
to represent a push and a 
pull respectively. There re- 
mains now but one stress un- 
determined, that in af. It can 

be ascertained by drawing the polygon for joint 1 or 4; let us draw 
the latter. There are four forces acting at that joint, namely, the 
600-pound load, and the forces exerted by members ed^ da^ and af. 
The first three forces are already represented in the drawing by EF, 
DE and DA, and the polygon for those three forces (not closed) 
is ADEF. The fourth force must close the polygon , that is, aline 
from F parallel to af must pass through A, and if the drawing 
has been accurately done, it will pass through A. The polygon 
for the four forces then is ADEF A, and an arrowhead placed on 
FA ought to point to the left, but as before, place it in the truss 
diagram on a/* near joint (4). The force exerted by member af oxs. 
joint (4) being a pull, af is under tension, and since AF measures 
1.12 inches, the value of the tension is 1,120 pounds. 

Since af is in tension it pulls on joint (1), hence we place an 
arrowhead on ^near joint (1) to indicate that pull. 

EXAMPLES FOR PRACTICE. 

1. Construct a stress diagram for the truss of the preceding 
Example (Fig. 22^^) making all the polygons counter-clockwise, 
and compare with the stress diagram in Fig. 22, 
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2, Determine the stresses in the members of the truss repre- 
sented in Fig. 23 due to a single load of 2,000 pounds at the peak. 

i Stresses in 12 and 23 = 1,510 pounds, 
Stresses in 14 and 43 = 1,930 pounds, 
Stress in 24 = 490 pounds. 




In »2ooolb8 



27. Stress Records. When 
making a record of the values 
of the stresses as determined 
in an analysis of a truss, it is 
convenient to distinguish be- 
tween tension and compres- 
sion by means of the signs 
plus and minus. Custom 
differs as to use of the signs 
for this purpose, but we shall 
use j}lu8 for tension and 
inhiusfor compression. Thus 
+ 4,500 means a tensile stress 
of 4,560 pounds, and - 7,500 
means a compressive stress of 7,500 pounds. 

The record of the stresses as obtained in an analysis can be 
conveniently made in the form of a table, as in Example 1 follow- 
ing, or in the truss diagraui itself, as in Example 2 (Fig. 25). 

As previously explained, the stress in a member is tensile or 
compressive according as the member pulls or pushes on the joints 
between which it extends. If the arrowheads are placed on the 




Fig. 24. 
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lines representing the members as was explained in Example 1 of 
Art. 26 (Fig. 22), the two arrowheads on any member 

point toward each other ou tension membeiB, 
aud from each other on compression members. 

If the system of lettering explained in Art. 24 is followed in 
the analysis of a truss, and if the first polygon (for the loads and 
reactions) is drawn according to directions (Art. 26), then the 
system of lettering will guide one in drawing the polygons for the 
joints as shown in the following illustrations. It must be remem- 
bered always that any two parallel lines, one in the truss and one 
in the stress diagram, must be designated by the same two letters, 
the first by small letters on opposite sides of it, and the second by 
the same capitals at its ends. 

Examples. 1. It is required to construct a stress diagram 

w 

for the truss represented in Fig. 24 supported at its ends and 
sustaining three loads of 2,000 pounds as shown. Evidently 
the reactions equal 3,000 pounds. 

Following the directions of Art. 26, we letter the truss 
diagram, then draw the polygon fur the loads and reactions. 
Thus, to the scale indicated in Fig. 24 (5), AB, BC,and CD repre- 
sent the loads at joints (2), (3) and (5) respectively and DE 
and EA represent the right and the left reactions respectively. 
Notice that the polygon (ABCDEA) is a clockwise one. 

At joint (l)there are three forces, the left reaction and the forces 
exerted by the members afdin^fe. Since the forces exerted by 
these two members must be marked AF and EF we draw from A 
a line parallel to r?/*and from E one parallel to ef and mark their 
intersection F. Then E AFE is the polygon for joint (1), and since 
EA acts up (see the polygon), AF acts down and FE to the right. 
We, therefore, place the proper arrowheads on ^(/"and fe near (1), 
and record (see adjoining table) that the stresses in those members 
are compressive and tensile respectively. Measuring, we find that 
AF and FE equal 6,150 and 5,100 pounds respectively. 



Member 

Stress 



af 
6,150 



fe 
+5,100 



4,100 



'J? 
1,875 



+2,720 
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We may next draw the polygon for joint (6) or (2) since there 
are but two unknown forces at each. At joint (2) for instance, 
the unknown forces are those exerted by fg and hg^ and the 
known are the load ab (2,000 pounds) and the force exerted 



2oooUo8. 
(1) 




by af. Since the unknown forces \ Sco^ie: 

must be marked FG and GB, draw ^' in,-2oooDD». 

from F a line parallel to/y, from 
B a line parallel to hg^ and mark 
their intersection G. Then the poly- 
gon for the joint is FABGF, and 
since AB acts down (see the polygon) ^^^-^ 
BG and GF act down and up respec- 
tively. Therefore, place the proper 
arrowheads on hg and g/* near (2), and 
record that the stresses in those mem- 
bers are both compressive. Measur- 
ing, we find that BG and GF scale 
4,100 and 1,875 pounds respectively. 
Now draw a polygon for joint 
(3) or (6) since there are but two un- 
known forces at each joint. At (3) 

for instance, the unknown forces are those exerted by cK and gh^ 
the known forces being the load (2,000 pounds) and the force 4,100 
pounds, exerted by hg. Since the unknown forces must be 
marked CH and GH, draw from C a line parallel to c\ from 
G one parallel to yA, and mark their intersection II. Then 




Fig. 25. 
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GBCnG is the polygon for the joint, and since BO acts down 
(see the polygon) CH acts up and HQ down. Therefore, place 
the proper arrowheads on ch and hg near (3), and record that the 
stresses in those members are compressive and tensile respectively. 
Measuring, we find that CH and HG scale 4,100 and 2,720 
pounds respectively. 

It is plain that the stress in any member on the right- 
hand side is the same as that in the corresponding member on 
the left, hence it is not necessary to construct the complete 
stress diagram. 

2. It is required to analyze the truss of Fig. 25 which 
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Fig. 26. 



rests on end supports and sustains three loads each of 2,000 
pounds as shown. Each member is 16 feet long. 

Evidently, reactions are each 3,000 pounds. Following 
directions of Art. 26, first letter the truss diagram and then 
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Fig. 27. 

draw a polygon for the loads and reactions representing them 
in either order in which they occur about the truss. DCBAED 
is a counter-clockwise polygon, DC, CB, and BA representing the 
loads at joints (1), (2) and {j^\ AE the left reaction, ED the right 
reaction. 
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The construction of the polygons is carried out as in the 
preceding illustration, and little explanation is necessary. The 
polygon for joint (4) is AEFA, EF (1,725 pounds tension) 
representing the stress in efe^nd FA (3,450 pounds compression) 
that in af. The polygon for joint (3) is BAFGB, FG (1,150 
pounds tension) representing the stress in /ff and GB (2,000 
pounds compression) that in (/h. The polygon for joint (5) 
is GFEIIG, EII (2,875 pounds tension) representing the stress 
in eh and HG (1,150 pounds compression) that in hg. 

Evidently the stress in any member on the right side of 
the truss is like that in the corresponding member on the left, 
therefore it is not necessary to construct the remainder of the 
stress diagram. 

EXAHPLES FOR PRACTICE. 

1. Analyze the truss represented in Fig. 26, it being sup- 
ported at its ends and sustaining three loads of 2,000 and two 
of 1,000 pounds as represented. 

STRESS RECORD. 







- 










^^ 


Member 


12 


23 


14 


45 


24 


25 


85 


Stress 


-8,950 


-5,600 


-1-8,000 


4-8,000 


+1,000 


-^,350 


+5,000 



2. Analyze the truss represented in Fig. 27, it being sup- 
ported at its ends and sustaining five 2,000-pound loads and two 
of 1,000 as shown. 



STRESS RECORD. 









. — 










Member. 


12 


23 


84 


51 


52 


53 


54 


Stress . . . 


-8,900 


-8,1K)0 


-9,400 


+10,000 


-2,000 


-2,000 


-h4,000 



56 

+6,000 



28. Analysis for Snow E^ads. In some cases the apex 
snow loads are a definite fractional part of the apex loads due 
to the weights of roof and truss. For instance, in Examples 1 
and 2, Pages 25 and 26, it is shown that the apex loads are 
1,500 and 3,000 pounds due to weight of roof and truss, and 
735 and 1,470 due to snow; hence the snow loads are practi- 
cally equal to one-half of the permanent dead loads. It follows 
that the stress in any member due to snow load equals 
practically one-half of the stress in that member due to the 
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permanent dead load. The snow load stresses in this case can 
therefore bo obtained from the permanent load stresses and no 
stress diagram for snow load need be drawn. 

In some cases, however, the apex loads due to snow at the 
various joints are not the bo me fractional part of the permanent 
load. This is the case if the roof is not all of the same slope, 
as for instance in Fig. 25 where a part of the roof is flat. 
In such a case the stresses due to the snow load cannot be 
determined from a stress diagram for the permanent dead load 
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Fig. 28. 

but a separate stress diagram for the snow load must be drawn. 
Such diagrams are drawn like those for permanent dead load, 
29. Analysis for Wind Loads. Stresses due to wind press- 
ure cannot be computed from permanent load stresses; they can 
be most easily determined by means of a stress diagram. Since 
wind pressure exists only on one side of a truss at a time, the 
stresses in corresponding members on the right and left sides of a 
truss are unequal and the whole stress diagram must be drawn in 
analysis for " wind stresses." Moreover, where one end of the 



177 



44 STATICS 



truss rests on rollers, two stress diagrams must be drawn for a 
complete analysis, one for wind blowing on the right and one for 
wind blowing on the left (see Example 2 following). 

Examjjles, 1. It is required to analyze the truss of Fig. 
16 for wind pressure, the distance between trusses being 14 feet. 

The apex loads for this case are computed in Example 3, 
Page 26, to be as represented in Fig. 28. Supposing both ends 
of the truss to be fastened to the supports, then the reactions (due 
to the wind alone) are parallel to the wind pressure and the right 
and left reactions equal 3,(j00 and 7,200 pounds as explained in 
Example 2, Page 57. 

To draw a clockwise polygon for the loads and reactions, we 
lay oflf BC, CF, and FF' to represent the loads at joints (1), (2), 
and (4) respectively; then since there are no loads at joints (5) 
and (7) we mark the point F' by C and B' also; then lay oflE 
B'A to represent the reaction at the right end. If the lengths 
are laid oflf carefully, AB will represent the reaction at the left 
end and the polygon is BCFFC'B'AB. 

At joint (1) there are four forces, the reaction, the load, and 
the two stresses. AB and BC represent the first two forces, hence 
from C draw a line parallel to cd and from A a line parallel to ad 
and mark their intersection D. Then ABCD A is the polygon for 
the joint and CD and DA represent the two stresses. The former 
is 7,750 pounds compression and the latter 9,000 pounds tension. 

At joint (2) there are four forces, the stress in cd (7,750 
pounds compression), the load, and the stresses in fe and ed. As 
DC and CF represent the stress 7,750 and the load, from F draw 
a line parallel to fe and from D a line parallel to de^ and mark 
their intersection E. Then DCFED is the polygon for the joint and 
FE and ED represent the stresses infe and ed respectively. The 
former is 7,750 pounds and the latter 5,400, both compressive. 

At joint (3) there are four forces, the stresses in ad (9,000 
pounds), de (5,400 pounds), eg and ga, AD and DE represent 
the first two stresses; hence from E draw a line parallel to eg and 
from A a line parallel to ag and mark their intersection G. Then 
ADEGA is the polygon for the joint and EG and G A represent 
the stresses in eg and ga respectively The former is 5,400 and 
the latter 3,600 pounds, both tensile. 
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At joint (4) there are five forces, the stresses in eg (5,400 
pounds) and ef (7,750 pounds), the load, and the stresses in^^d' and 
eg, GE, EF and FF' represent the first three forces; hence draw 
from F' a line parallel tof^e' and from G a line parallel to e'g and 
mark their intersection E', (The first line passes through G, hence 
E' falls at G). Then the polygon for the joint is GEFFE'G, and 

31oolbs. 3ioolbs. 
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for wind right 
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Fig. 29. 

F'E' (6,250 pounds compression) represents the stress xn fe\ 
Since E'G = 0, the wind produces no stress in member ge\ 

At joint (5) three members are connected together and there 
is no load. The sides of the polygon for the joint must be parallel 
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to the members joined there. Since two of those members are in 
the same straight line, two sides of the polygon will be parallel 
and it follows as a consequence that the third side must be zero. 
Hence the stress in the member e!d* equals zero and the stresses 
\vif*e and J!c* are equal. This result may be explained slightly 
differently : Of the stresses in a'/*, ed\ and d'c* we know the first 
(6,250) and it is represented by E'F'. Hence we draw from F' a 
line parallel to cd- and one from E' parallel to d'e and mark their 
intersection D'. Then the polygon for the joint is E'F'C'D'E,' 
CD' (6,250 pounds compression) representing the stress in dd\ 
Since E' and D' refer to the same point, E'D' scales zero and there 
is no stress in €d\ 

The stress in ad* can be determined in variouB ways. Since 
at joint (6) there are but two forces (the stresses in ge' and 
e'd* being zero), the two forces must be equal and opposite to 
balance. Hence the stress in d'n is a tension and its value is 
3,000 pounds. 

2. It is required to analyze the truss represented in Fig. 
24 for wind pressure, the distance between trusses being 15 feet. 

The length 13" equals VW-^ 14-' or 



V^400 4 1D() = 24.4 feet. 

Hence the area sustaining the wind pressure to be borne by one 
truss equals 24.4 X 15 = 300 square feet. 

The tangent of the angle which the roof makes with the 
horizontal equals 14 -v- 20 = 0.7; hence the angle is practically 
35 degrees. According to Art. 19, the wind pressures for slopes 
of 30 and 40 degrees are 32 and 36 pounds per square foot; 
hence for 35 degrees it is 34 pounds per square foot. The total 
wind pressure equals, therefore, 300 X 34 = 12,444, or practically 
12,400 pounds. 

The apex load for 

joint (2) is }i of 12,400, or G,200 pounds, 
and for joints (1) and (3), }^ of 12,4a), or 3,100 pounds (see Fig. 29). 

When the wind blows from the ricrht the 

load for joint (5) is 6,200 pounds, and 
for jointjS (3) and (0) 3,100 pounds. 
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If the left end of the truss is fastened to its support and 
the right rests on rollers*, when the wind blows on the left side 
the right and left reactions equal 3,780 and 9,550 pounds respec- 
tively and act as shown. When the wind blows on the right 
side, the right and left reactions equal 6,380 and 8,050 pounds 
and act as shown. The computation of these reactions is shown in 
Example 1, Page 58. 

For the wind on the left side, OA, AB, and BC (Fig. 29b) 
represent the apex loads at joints (1), (2) and (3) respectively and 
CE and EO represent the right and left reactions; then the poly- 
gon (clockwise) for the loads and reactions is OABCDPEO. The 
point C is also marked D and P because there are no loads at 
joints (5) and (0). 

The polygon for joint (1) is EOAFE, AF and FE represent- 
ing the stresses in rz/andye? respectively. The values are recorded 
in the adjoining table. The polygon for joint (2) is FABGF, 
BG and GF representing the stresses in bff andyj/. The polygon 
for joint (3) is GBCIIG, CH and HG representing the stresses in 
ch and //(/ respectively. At joint (5) there is no load and two of 
the members connected there are in the same line; hence there is 
no wind stress in the third member and the stresses in the other 
two members are equal. The point H is therefore also marked I 
to make III equal to zero. The polygon for joint (5) is IICDIH. 

STRESS RECORD. 



Member. 


StTfss, Wind Left. 


Stress, Wind Right. 


«/ 


- 8,a50 


- 6.300 


fe 


+12,700 


- 2,000 


hg 


- 5,600 


-6,300 


fy 


- 7,000 





hg 


+ 5,100 


+3,400 


hi 





-7,000 


eh 


- 7,700 


-3,100 


xe 


+ 6,400 


+4,400 


di 


- 7,700 


-7,500 



At joint (4) there are four forces, all known except the one 
in ie. EF, FG, and Gil represent the first three; hence the line 



* Rollers to allow for free expansion and contraction of the truss would 
not be required for one as short as this. They are not used generally unless 
the truss is 55 feet or more in length. 
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joining I and E must represent the stress in ie. This line, if the 
drawing has been correctly and accurately made, is parallel to ie. 

For wind on right side, BC, CD, and DP Fig. 29(c') represent 
the loads at joints (3), (5) and (G) respectively and PE and EB 
the right and left reactions; then BCDPEB is the polygon for the 
loads and reactions. The point B is also marked A and O because 
there are no loads at joints (2) and (1). 

The polygon for joint (G) is DPEID, EI and ID representing 
the stresses in ei and «VZ respectively. The polygon for joint (5) is 
CDIHC, m, and IIC representing the stresses in ih and he respect- 
ively. The polygon for joint (3) is BCHGB, HG, and GB repre- 
senting the stresses in hg and gh respectively. The polygon for 
joint (2) is BGFAB, FA representing the stress in fa^ and since 
GF equals zero there is no stress in gf. 

At joint (1) there are three forces, the left reaction, AF and 
the stress in fe. This third force must close the polygon, so we 





Fig. 30. 

join F and E and this line represents the stress in fe. If the 
work has been accurately done, FE will be parallel tofe. 

EXAMPLE FOR PRACTICE. 

Analyze the truss represented in Fig. 26 for wind pressure, 
the distance between trusses being 15 feet. (See Ex. 3, Page 27, 
for apex loads.) Assuming both ends of the truss fastened to 
the supports, the reactions are both parallel to the wind pressure 
and the reaction on the windward side equals 6,692.5 pounds and 
the other equals 3,037.5 pounds. 
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Stress Record for Wind Left. 




Member. 


Stress. 




12 


-9,200 




U 


+9,460 




45 


+9,460 




24 







23 


-4,806 




25 


-6,080 




35 


+2,700 




36 


-6,080 




56 







57 


+4,000 




68 


-6,080 




67 







78 

• 


+4,000 
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V. COMPOSITION OF NON-CONCURRENT FORCES. 

30. Qraphlcal Composition. As in composition of concurrent 
systems, we first compound any two of the forces by means of the 
Triangle Law (Art. 9), then compound the resultant of these two 
forces with the third, then compound the resultant of the first 
three with the fourth and so on until the resultant of all has been 
found. It will be seen in the illustration that the actual construc- 
tions are not quite so simple as for concurrent forces. 

Exa7nj>le, It is required to determine the resultant of the 
four forces (100, 80, 120, and GO pounds) represented in Fig. 30 (c^). 

If we take the 100- and 80-pound forces first, and from any 
convenient point A lay off AB and BO to represent the magni- 
tudes and directions of those forces, then according to the triangle 
law AC represents the magnitude and direction of their resultant 
and its line of action is parallel to AC and passes through the 
point of concurrence of the two forces. This line of action should 
be marked ao and those of the 100- and 80-pound forces, db and 
be respectively. 

If we take the 120-pound force as third, lay off CD to repre- 
sent the magnitude and direction of that force; then AD represents 
the magnitude and direction of the resultant of AC and the third 
force, while the line of action of that resultant is parallel to AD 
and passes through the point of concurrence of the forces AC and 
CD. That line of action should be marked ad and that of the 
third force cd. 
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It remains to compound AD and the remaining one of the 
given forces, hence we lay off DE to represent the magnitude and 
direction of the fourth force; then AE represents the magnitude 
and direction of the resultant of AD and the fourth force (also of 
the four given forces). The line of* action of the resultant is 
parallel to AE and passes through the point of concurrence of the 
forces AD and DE. That line should be marked ae and the line 
of action of the fourth face de. 

It is now plain that the magnitude and direction of the re- 
sultant is found exactly as in the case of concurrent forces, but 
finding the line of action requires an extra construction. 

81. When the Forces Are Parallel or Nearly 5o« the method 
of composition explained must be modified slightly because there 
is no intersection from which to draw the line of action of the re- 
sultan t of the first two forces. 

To make such an intersection available, resolve any one of 
the given forces into two components and imagine that force re- 
placed by them; then find the resultant of those components and 
the other given forces by the methods explained in the preceding 
article. Evidently this resultant is the resultant of the given forces. 

Example. It is required to find the resultant of the four paral- 
lel forces (50, 30, 40, and GO pounds) represented in Fig. 31 {a). 

Choosing the 30-pound force as the one to resolve, lay oflf AB 
to represent the magnitude and direction of that force and mark 
its line of action ah. Next draw lines from A and B intersecting 
at any convenient point O; then as explained in Art. 13, AO and 
OB (direction from A to O and O to B) represent the magnitudes 
and directions of two components of the 30-pound force, and the 
lines of action of those components are parallel to AO and OB and 
must intersect on the line of action of that force, as at 1. Draw 
next two such lines and mark them ao and oh respectively. Now 
imagine the 30-pound force replaced by its two components and 
then compound them with the 50-, 40- and 60-pound forces. 

In the composition, the second component should be taken as 
the first force and the first component as the last. Choosing the 
50-pound force as the second, lay off BC to represent the magni- 
tude and direction of that force and mark the line of action he. 
Then OC (direction O to C) represents the magnitude and direc- 
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tion of the resultant of OB and BC, and oc (parallel to OC and 
passing through the point of concurrence of the forces OB and 
BC) is the line of action. 

Choosing the 40-pound force next, lay off CD to represent 
the magnitude and direction of that force and mark its line of 
action cd. Then OD (direction O to D) represents the magnitude 
an^ direction of the resultant of OC and CD, and od (parallel to 
OD and passing through the point of concurrence of the forces OC 
and CD) is the line of action of it. 

Next lay off a line DE representing the magnitude and 
direction of the 60-pound force and mark the line of action de. 
Then OE (direction O to E) represents the magnitude and direc- 
tion of the resultant of OD and DE, and oe (parallel to OE and 




A.-» 



D!^ 



17' 



5oIbft. SolbA. <^Ib». 



(N 



DiL 



,"--j5*0 



ScaJe 
lin.-looIbsL 



(b) 



Pig. 31. 



passing through the point of concurrence of the forces OD and 
DE) is the line of action of it. 

It remains now to compound the last resultant (OE) and the 
first component (AO). AE represents the magnitude and direc- 
tion of their resultant, and ae (parallel to AE and passing through 
the point of concurrence of the forces OE and AO) is the line of 
action. 

32. Definitions and Rule for Composition. The point O 
(Fig. 31) is called a ^;^>/t^, and the lines drawn to it are called 
rays. The lines oa^ oby oc^ etc., are called strings and collectively 
thej are csAled Si string polygon. The string parallel to the ray 
drawn to the beginning of the force polygon (A) is called the first 
string, and the one parallel to the ray drawn to the end of the 
force polygon is called the last string. 
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The method of construction may now be described aa follows: 

1. Draw a force polygon for the given forces. The line 
drawn from the beginning to the end of the polygon represents 
the magnitude and direction of the resultant. 

2. Select a pole, draw the rays and then the string polygon. 
The line through the intersection of the first and last strings 
parallel to the direction of the resultant is the line of action of the 
resultant. (In constructing the string polygon, observe carefully 
that the two strings intersecting on the line of action of any one 
of the given forces are parallel to the two rays which are drawn to 
the ends of the line representing that force in the force polygon.) 

EXAMPLES FOR PRACTICE. 

1. Determine the resultant of the 50-, 70-, 80- and 120- 
pound forces of Fig. 5. 

. j 2()0 pounds acting upwards 1.8 and 0.1 feet 
( to the right of A and D respectively. 



1( 


>lb8. 


— — — 1^ _ . 


|--8' 


5o 

J 


b9. 

» 








|o ; 




' 


( 


r 


' 







4olb9. aolbs. 



2olb9. 



Fig. 32. 



15 lbs. 




2. Determine the resultant of the 40-, 10-, 30- and 20- 
pound forces of Fig. 32. 

A 1 SO pounds acting down 1| feet from left 



e 



nd. 



33. Al^c^braic Composition. The algebraic method of com- 
position is best adapted to parallel forces and is herein explained 
only for that case. 

If the plus sign is given to the forces acting in one direction, 
and the minus sign to those acting in the opposite direction, the 
magnitude and sense of the resultant is given by the algebraic sum 
of the forces; the magnitude of the resultant equals the value of the 
algebraic sum; the direction of the resultant is given by the sign of 
the sum, thus the resultant acts in the direction which has been called 
plus or minus according as the sign of the sum is plus or minus. 
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If, for example, we call up plus and down minus, the alge- 
braic sum of the forces represented in Fig. 32 is 

-40+ 10-30-20 + 50-15 =-45; 

hence the resultant equals 45 pounds and acts downward. 

The line of action of the resultant is found by means of the 
principle of moments which is (as explained in "Strength of 
Materials ") that the ^moment of the resultant of any number of 
forces about any orirjin equals the algebraic sn?n of the *nio7)ients 
of the forces. It follows from the principle that the arm of the 
resultant with respect to any origin equals the quotient of the 
algebraic sum of the moments of the forces divided by the result- 
ant; also the line of action of the resultant is on such a side of the 
origin that the sign of the moment of the resultant is the same 
as that of the algebraic sum of the moments of the given forces. 

For example, choosing O as origin of moments in Fig. 32, 
the moments of the forces taking them in their order from left to 
right are 

- 40X5 = - 200, + 10x4 =+ 40, - 30 X 3 = - 90, 
-20x1 = -20, -50x2 ---100, + 15x3= +45.* 

Hence the algebraic sum equals 

- 200 + 40 - 90 - 20 - 100 + 45 = - 325 foot-pounds. 

The sign of the sum being negative, the moment of the resultant 
about O must also be negative, and since the resultant acts down, 
its line of action must be on the left side of O. Its actual 
distance from O equals 

325 



45 



= 7.22 feet. 



I 
EXAMPLE5 FOR PRACTICE. 



.1. Make a sketch representing five parallel forces, 200, 150 
100, 225, and 75 pounds, all acting in the same direction and 2 
feet apart. Determine their resultant. 



* The student is reminded that when a force tends to turn the body on 
which it acts in the clockwise direction, about the selected origin, its moment 
is a given a plus sign, and when counter-clockwise, a minus sign. 
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c Resultant = 750 pounds, and acts in the same 

Ans. "I direction as the given forces and 4.47 feet to the 

( left of the 75-pound force. 

2. Solve the preceding example, supposing that the first 

three forces act in one direction and the last two in the opposite 

direction. 

c Eesultant == 150 pounds, and acts in the same 
Ans. "I direction with'the first three forces and 10.3 feet 
( to the left of the 75-pound force. 
Two parallel forces acting in the same direction can be com- 
pounded by the methods explained in the foregoing, but it is 
sometimes convenient to remember that the resultant equals the 
sum of the forces, acts in the same direction as that of the two 
forces and between them so that the Hue of action of the resultant 
divides the distance between the forces inversely as their magni- 
tudes. For example, let Fj and F2 (Fig. 33) be two parallel 
forces. Then if R denotes the resultant and a and h its distances 
to Fi and F2 as shown in the figure, 

and fl' : J : : F2 : Fi. 

34* Couples. Two parallel forces which are equal and act in 
opppsite directions are called a couple. The forces of a couple 
cannot be compounded, that is, no single force can produce the 
same effect as a couple. The perpendicular distance between the 
lines of action of the two forces is called the ^/v//, and the product 
of one of the forces and the arm is called the moment of the 
couple, 

A plus or minus sign is given to the moment of a couple 
according as the couple turns or tends to turn the body on which 
it acts in the clockwise or counter-clockwise direction. 

VI. EQUILIBRIUn OF NON-CONCURRENT FORCES. 

35. Conditions of Equilibrium of Non-Concurrent Forces 
Not Parallel may be stated in various ways; let us consider four. 
First: 

1. The algebraic sums of the components of the forces along each of 
two lines at right angles to each other equal zero. 
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2. The algebraic sum of the moments of the forces about any origin 
equals zero. 



Second: 



1. The sum of the components of the forces along any line equals zero. 

2. The sums of the moments of the forces with respect to each of two 

origins equal zero. 



Third: 



The sums of the moments of the forces with respect to each of three 
origins equals zero. 

Fourth : 

1. The algebraic sum of the moments of the forces with respect to 

some origin equals zero. 

2. The force polygon for the forces closes. 

It can be shown that if any one of the foregoing sets of conditions 
are fulfilled by a system, its resultant* equals zero. Hence each is 
called a set of conditions of equilibrium for a non -concurrent sys- 
tem of forces which are not parallel. 

The first three sets are '* algebraic" and the last is '' mixed," 
(1) of the fourth, being algebraic and (2) graphical. There is a 
set of graphical conditions also, but some one of those here given 
is usually preferable to a set of wholly graphical conditions. 

Like the conditions of equilibrium for concurrent forces, they 
are used to answer questions arising in connection with concurrent 
systems known to be in equilibrium. Examples may be found in 
Art. 37. 

36. Conditions of Equilibrium for Parallel Non-Concurrent 
Forces. Usually the most convenient set of conditions to use is 
one of the following: 

First: 

1. The algebraic sum of the forces equals zero, and 

2. The algebraic sum of the moments of the forces about some origin 

equals zero. 

Second : 

The algebraic sums of the moments of the forces with respect to each 
of two origins equal zero. 

37. Determination of Reactions. The weight of a truss, its 
loads and the supporting forces or reactions are balanced and con- 
stitute a system in equilibrium. After the loads and weight are 
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ascertained, tlie reactions can be determined by means of condi- 
tions of equilibrium stated in Arts. 35 and 36. 

The only cases which can be taken up here are the following 
common ones: (1) The truss is fastened to two supports and 
(2) The truss is fastened to one support and simply rests on 
rollers at the other. 

Case (i) Truss Fastened to Both Its Supports. If the loads 

are all vertical, the reactions also are vertical. If the loads are 
not vertical, we assume that the reactions are parallel to the result- 
ant of the loads. 

The algebraic is usually the simplest method for determining 
the reactions in this case, and two moment equations should be 
used. Just as when finding reactions on beams we first take mo- 
ments about the right support to find the left reaction and then 
about the left support to find the right reaction. As a check we 
add the reactions to see if their sum equals the resultant load as it 
should. 

ExaTTiples. 1. It is required to determine the reactions on 
the truss represented in Fig. 20, it being supported at its ends and 
sustaining two vertical loads of 1,800 and 600 pounds as shown. 

The two reactions are vertical; hence the system in 
equilibrium consists of parallel forces. Since the algebraic sum 
of the moments of all the forces about any point equals zero, to 
find the left reaction we take moments about the right end, and to 
find the right reaction we take moments about the left end. Thus, 
if Ri and K^ denote the left- and right-reactions respectively, then 
taking moments about the right end, 

(R,X 24) - (1800 X 15) - (600 X 15) ^ 0, 

or 24R,= 27,000 + 9,000 =^ 36,000; 

^ 36,000 
hence lii = - — — — ^ = 1,500 pounds. 

Taking moment about the left end, 

- R,X 24 -f 1,800 X 9 + 600 X 9 = 0, 
or 24R, ^ 16,200 + 5,400 = 21,600; 

hence Ra^ 900 pounds. 
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As a check, add the reactions to see if the sum equals that of 
the loads as should be the case. (It will be noticed that reactions 
on trusses and beams under vertical loads are determined in the 
same manner.) . 

2. It is required to determine the reactions on the truss rep- 
resented in Fig. 28 due- to the wind pressures shown (2,700, 5,400 
and 2,700 pounds), the truss being fastened to both its supports. 

The resultant of the three loads is evidently a single force of 
10,800 pounds, acting as shown in Fig. 34. The reactions are 




Fig. 34. 

parallel to this resultant; let R^ and Ilg denote the left and right 
reactions respectively. 

The line ahc is drawn through the point 7 and perpendicular 
to the direction of the wind pressure; hence with respect to the 
right support the arms of R^ and resultant wind pressure are ac 
and hc^ and with respect to the left support, the arms of II2 and the 
resultant wind pressure are ac and ah. These different arma can 
be measured from a scale drawing of the truss or be computed as 
follows: The angle 17a equals the angle 417, and 417 was shown 
to be 30 degrees in Example 3, Page 20. Hence 

ah == 14 cos 30^, Ic = 28 cos 30", ac =- 42 cos 30^ 
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Since the algebraic sums of the moments of all the forces acting 
on the truss about the right and left supports ecjual zero, 

Ri X 42 cos 30^ -- 10,800 X 28 cos 30 \ 
and . Kg X 42 cos 30^ = 10,800 X 14 cos 30^ 

From the first equation, 

_^ 10,800 X 28 ^ ... 

Ill =-'■ —^ — j:^ ^ 7,200 pounds, 

and from the second, 

10.800 X 1 4 ..^ . 

K^= 7^^ = d,o00 pounds. 

t 

Adding the two reactions we find that their sum equals the load as 
it should. 

Ca^e (2) One end of the truss rests on rollers and the other 
is fixed to its support. The reaction at the roller end is always 
vertical, but the direction of the other is not known at the outset 
unless the loads are all vertical, in which case both reactions are 
vertical. 

When the loads are not all veitical, the loads and the reactions 
constitute a non -concurrent non-parallel system and any one of 
the sets of conditions of equilibrium stated in Art. 35 may be 
used for determining* the reactions. In general the fourth* set is 
probably the simplest. In the first illustration we apply the four 
different sets for comparison. 

Exam2>les, 1. It is required to compute the reactions on 
the truss represented in Fig. 29 due to the wind pressures shown 
on the left side (3,100, 6,200 and 3,100 pounds), the truss resting on 
rollers at the right end and being fastened to its support at the left. 

(a) Let Rj and R^ denote the left and right reactions. The 
direction of II2 (^^ ^^ roller end) is vertical, but the direction of 
Rj is unknown. Imagine R^ resolved into and replaced by its 
horizontal and vertical components and call them R/ and R/' 
respectively (see Fig. 35.) The six forces, R^', Rj", R2 and the 
three wind pressures are in equilibrium, and we may apply any 
one of the sets of statements of equilibrium for this kind of a 
system (see 'Art. 35) to determine the reactions. If we choose to 
use the first set we find. 
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resolving forces along a horizontal line, 

- R; + 8,100 cos 55^ + 6,200 cos 55^ + 3,100 cos 55" = 0; 
resolving forces along a vertical line, 

+ R;' + R, - 3,100 cos 35' - 6,200 cos 35 ' - 3,100 cos 35'^ = ; 
taking moments about the left end, 

+ 6,200 X 12.2 + 3,100 X 24.4 - R^ x 40 -- 0. 
From the first equation, 
R/ = 3,100 cos 55^ + 6,200 cos 55^ + 3,100 cos 55"= 7,113 pounds, 
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and from the third. 



_ 6,200 X 12.2 + 3,100 X 24.4 . ^^^ 

K^ = jA- = o,782 pounds. 

Substituting this value of R^ in the second equation we find that 

R, " =3,100 cos 35' + 6,200 cos 35° + 3,100 cos 35° - 3,782 

= 10,156 - 3,782 = 6,374 pounds. 

If desired, the reaction R^ can now be found by compounding 
its two components Rj' and R/'. 
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(/>) Using the second set of conditions of equilibrium stated 
in Art. 35 we obtain the following three "equilibrium equa- 
tions " : 
As in (1), resolving forces along the horizontal gives 

^E/ + 3,100 cos 55^ + 6,200 cos 55^ + 3,100 cos 55° = 0, 
and taking moments about the left end, 

6,200 X 12.2 + 3,100 X 24.4-Ii^X 40=0. 
Taking moments about the right end gives 

Ri" X 40 - 3,100 X "^ - 6,200 x'JB - 3,100 x"cg = 

Just as in (a), we find from the first and second equations the 
values of R/ and R2. To find R/' we need values of the arms 
«6, 46, and 6*6. By measurement from a drawing we find that 



aQ = 32.7, M) = 20.5, and 06 = 8.3 feet. 

Substituting these values in the third equation and solving for 
R/' we find that 

3,100 X 32.7 + 6,200 X 20.5 + 3,100 X 8.3 ^ ,,, , 
Kj" = J7T = o,o55 pounds. 

(6') Using the third set of conditions of equilibrium stated 
in Art. 85 we obtain the following three equilibrium equations : 
As in (5), taking moments about the right and left ends we get 

Ri" X 40-3,100 X 32.7-6,200 X 20.5- 3,100 X 8.3 = 0, 

and - R2 X 40 + 6,200 X 12.2 + 3,100 X 24.4 = 0. 

Choosing the peak of the truss as the origin of moments for the 
third equation we find that 

Ri^ X 14 + Ri" X 20- 3,100 X 24.4 - 6,200 X 12.2 - Rg X 20 = 0. 

As in (J) we find from the first two equations the values of R/' and 
R2. These values substituted in the third equation change it to 

R/ X 14 + 6,373 X 20 - 3,100 X 24.4 - 6,200 X 12.2 - 3,782 X 

20 = 
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or 



Ri' = 



-0,873 X 20 + 3,100 X 24.4 + 6,200 X 12.2 + 3,782 X 20 



= 7,104.* 

(^rf) When using the fourth set of conditions we always 
determine the reaction at the roller end from the moment equa- 
tion. Then, knowing the value of this reaction, draw the force 
polygon for all the loads and reactions and thus determine the 
magnitude and direction of the other reaction. 

Taking moments about the left end, we find as in(a),(&),and 




R. B 



D ^i 




Fig. 36. 



FiK. 37. 



((?) that Rg = 3,782. Then draw AB, BC and CD (Fig. 36) to 
represent the wind loads, and DE to represent II2. Since the force 
polygon for all the forces must close, £A represents the magni- 
tude and direction of the left reaction; it scales 9,550 pounds. 

2. It is required to determine the reactions on the truss of 
the preceding illustration when the wind blows from the right. 

The methods employed in the preceding illustration might be 
used here, but we explain another w^hich is very simple. The 
truss and its loads are represented in Fig. 37. Evidently the 
resultant of the three wind loads equals 12,400 pounds and acts in 
the same line with the 6,200-pound load. If we imagine this 
resultant to replace the three loads we may regard the truss acted 
uj)Gn by three forces, the 12,400.pound force and the reactions, 
and these three forces as in equilibriuna. Now when three forces 



* The slight differences in the answers obtained from the different sets 
of equilibrium equations are due to inaccuracies in the measured arms of 
some of the forces. 
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are in equilibrium they must be concurrent or parallel, and since 
the resultant load (12,400 pounds) and II2 intersect at O, the line 
of action of Rj must also pass through O. Hence the left 
reaction acts through the left support and O as shown. We are 
now ready to determine the values of R^ and E2- Lay off AB to 
represent the resultant load, then from A and B draw lines 
parallel to Rj and R2, and mark their intersection C. Then BC 
and CA represent the magnitude and directions of R^ and R 
respectively; they scale 6,;J80 and 8,050 pounds. 





p^ 



F' 



F" 



Fig. 38. 
EXAMPLE FOR PRACTFCE. 

1. Determine the reactions on the truss represented in Fig. 26 
due to wind pressure, the distance between trusses being 15 feet, 
supposing that both ends of the truss are fastened to the supports. 

. j Reaction at windward end is 6,682J pounds. 

( Reaction at leeward end is 3,037^ pounds. 

VII. ANALYSIS OF TRUSSES (CONTINUED) ; METHOD OF 

SECTIONS. 

38. Forces in Tension and Compression flenibers. As ex- 
plained in " Strength of Materials " if a member is subjected to 
forces, any two adjacent parts of it exert forces upon each other 
which hold the parts together. Figs. 38 (a) and 38 (i) show how 
these forces act in a tension and in a compression member. F' is 
the force exerted on the left part by the right, and F" that exerted 
on the right part by the left. The two forces F' and F" are equal, 
and in a tension member are pulls while in a compression member 
they are pushes. 

39. Method of Sections. To determine the stress in a mem- 
ber of a truss by the method explained in the foregoing (the 
"method of joints"), we begin at one end of the truss and draw 
polygons for joints from that end until we reach one of the joints 
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to which that member is connected. If the member is near the 
middle of a long truss, such a method of determining the stress 
in it requires the construction of several polygons. It is some- 
times desirable to determine the stress in a member as directly as 
possible without having first determined stresses in other members. 
A method for doing this will now be explained ; it is called the 
method of sections. 

Fig. 39 («) is a partial copy of Fig. 16. The line LL is in- 
tended to indicate a " section " of the truss "cutting" members 
24, 84: and 80. Fig. 39 [h) and (c) represents the parts of the truss 
to the left and right of the section. By "part of a truss'* we 
mean either of the two portions into which a section separates it 
when it cuts it completely. 



3ooo 




Fig. 39. 

Since each part of the truss is at rest, all the forces acting on 
each part are balanced, or in equilibrium. Tlie forces acting on 
each part consist of the loads and reactions applied to that part to- 
gether with the forces exerted upon it by the other part. Thus the 
forces which hold the part in Fig. 39 (J) at rest are the 1,500- 
and 3,000-pound loads, the reaction 6,000 and the forces which 
the right part of the cut members exert upon the left parts. These 
latter forces are marked F/, F2' and F3' ; their senses are unknown. 
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but each acts along the axis of the corresponding member. The 
forces which hold the part in Fig. 39 (c) at rest are the two 3,000- 
pound loads, the 1,500-pound load, the right reaction 6,000 
pounds and the forces which the left parts of the cut members 
exert upon the right parts. These are marked F/', F2" and Fj"; 
their senses are also unknown but each acts along the axis of the 
corresponding member. The forces F/ and F/', F2' and F2", and 
F3' and F3" are equal and opposite; they are designated differently 
only for convenience. 

If, in the system of forces acting on either part of the truss, 
there are not more than three unknown forces, then those three can 
be computed by " applying*' one of the sets of the conditions of 
equilibrium stated in Art. 35.* In writing the equations of 
equilibrium for the system it is practically necessary to assume a 
sense for one or more of the unknown forces. We shall always 

assutne that such forces are 

jj_^ pulls thut isy act away 

i /' fvom th^ part of tlie truss 

upon which they are exerted. 
Then if the computed value 
of a force is plus ^ the force 
is really a pull and ths 
member is in tension ai%d if 
the value is mimis^ then the 
force is really a push and the 
member is in compression. 
To determine the stresc in any particular viember of a truss 
in accordance with the foregoing, '^ pass a section *' through the 
truss cutting the member under consideration, and then apply as 
many conditions of equilibrium to all the forces acting on either 
part of the truss as may be necessary to determine the desired force- 
In passing the section, care should be taken to cut as few members 
as possible, and never should a section be passed so as to cut more 
than three, the stresses in which are unknown; neither should the 
three be such that they intersect in a point. 




* If, however, the lines of action of the three forces intersect in a point 
then the statement is not true. 
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Examples. 1. It is required to determine the amount and 
kind of stress in the member 24 of the truss represented in Fig. 
39 (a) when loaded as shown. 

Having determined the reactions (6,000 pounds each) we pass 
a section through the entire truss and cutting 24; LL is such a 
section. Considering the part of the truss to the left of the 
section, the forces acting upon that part are the two loads, the left 
reaction and the forces on the cut ends of members 24, 84 and"3B 
(F/, F2', and F3'). F/ can be determined most simply by writing 
a moment equation using (3) as the origin, for with respect to 
that origin the moments of F?' and F3' are zero, and hence those 
forces will not appear in the equation. Measuring from a large 
scale drawing, we find that the arm of F^' is 7 feet and that of 
the 3,000-pound load is 3.5 feet. Hence 

(F/ X 7)+(6,000 X 14)- (1,500 X 14)- (3,000 X 3.5) = 

- (0,000 X 14) + (1,500 X 14) f (3,000X3.5) ^ ^^ 
or Tj = = = — 7,DUU 

The minus sign means that F/ is a push and not a pull, hence the 
memJ>er 24 is under 7,500 pounds compression. 

The stress in the member 24 may be computed from the 
part of the truss to the right of the section. Fig. 39 [c) repre- 
sents that part and all the forces applied to it. To determine 
Fj" we take moments about the intersection of Fg" and Fj", 
Measuring from a drawing we find that the arm of F/' is 7 feet, 

that of the load at joint (4) is 7 feet, 
that of the load at joint (5) is 17.5 feet, 
that of the load at joint (7) is 28 feet, 
and that of the reaction is 28 feet. 

Hence, assuming F/' to bo a pull, 

- (F/' X 7)+ (3,000 X 7) -f (3,000 X 17.5) + (1,500 X 28) - (6,000 

X 28) = 0, 

^ „ (3,000 X 7) 4 (3,000 X 17.5) + (1,500 X 28) -(6,000 X 28) 
orF, = rj ~ 

= - 7,500 

The minus sign means that Fi" is a push, hence the member 
24 is under compression of 7,500 pounds, a result agreeing with 
that previously found. 
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2. It is required to find the stress in the member gh of the 
truss represented in Fig. 25, due to the loads shown. 

If we pass a section cutting Jy, (jli and he^ and consider the 
left part, we get Fig. 40, the forces on that part being the 2,000- 
pound load, the left reaction, and the forces Fj, F2 and F3 exerted 
by the right part on the left. To compute F2 it is simplest to 

use the condition that the algebraic sum 
of all the vertical components equals zero. 
Thus, assuming that F2 is a pull, and 
since its angle with the vertical is 30 \ 

F, cos 30° -2,000 + 3,000 = 0; or, 

_ 2,000 - 3,000 _ ~ 1,000 _ 
"' ~ cos 30^ - "OSGO" "" " ' • 

(»Q The minus sign means that F2 is a push, 
hence the member is under a compression 
of 1,154 pounds. 
It is required to determine the stress in the member hg 
of the truss represented in Fig. 25, due to the loads shown. 

If we pass a section cutting hg as in the preceding illustra- 
tion, and consider the left part, we get Fig. 40. To compute 
Fi it is simplest to write the moment equa- 
tion for all the forces using joint 5 as 
origin. From a large scale drawing, we 
measure the arm of P\ to be 13.86 feet 
hence, assuming F^ to be a pull, 

Fi X 13.86 - 2,000 X 8 + 3,000 x 16 = 0;^^ 




3ooolb9. 



Fig. 41. 



3. 



or 



' ^ 2,000 X 8 - 3, 000 X 16 _ - 32,000 
^ ~ 13:86 "" 




4ooolb5. ^ 

Fig. 42. 



~ 13.80 
--^ - 2,427. 

The minus sign means that Fj is a push; hence the member is 
under a compression of 2,308 pounds. 

The section might have been passed so as to cut members hg^ 
fg^ andyj^, giving Fig. 41 as the left part, and the desired force 
might be. obtained from the system of for<!es acting, on that part 
(3,000, 2,000, Fj, Fo, and F3.) To compute Fj we take momente 
about the intersection of F2 and F3, thus 
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l\ X 13.86 - 2,000 X 8 + 8,000 x IG = 0. 

This is the same equation as was obtained in the first solution, 
and hence leads to the same result. 

4. It is required to determine the stress in the member 12 
of the truss represented in Fig. 20, due to the loads shown. 

Passing a section cutting members 12 and 14, and consider- 
ing the left part, we get Fig. 42. To determine Fj we may write 
a moment equation preferably with origin at joint 4, thus: 

Fi X 4.47 + 4,000 X 10 = 0*; 

- 4,000 X 10 



or, 



Fi = 



4.47 



— - 8,948 pounds, 



the minus sign meaning that the stress is compressive. 

Fj miglit be determined also by writing the algebraic sum of 




Fig. 43. 

the vertical components of all the forces on the left part equal to 
zero, thus: 

i\ sin 2C)' 34' + 4,000 = 0; 



or, 



-4,000 - 4,000 _ 

^1 - S^>(]^"3? = "0.44r - " ^'^*^' 



agreeing with the first result. 

EXAMPLES FOR PRACTICE. 

1. Determine by the method of sections the stresses in mem- 

m 

bers 28, 25, and 45 of the truss represented, in Fig. 20, due to the 
loads shown. 



( Stress in 23 = - 5,000 pounds, 
Ans. < Stress in 25 = - 3,350 pounds, 
( Stress in 45 = + 8,000- pounds. 



* The arm of Fi with respect to (4) is 4.47 feet 
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2. Determine the stresses in the members 12, 15, 84, and 56 
of the truss represented in Fig. 27, due to the loads shown. 

Stress in 12 I- ^ - 11,170 pounds, 
Stress in 15 - + 10,000 pounds, 
Stress in 34 = - 8,940 pounds, 
Stress in 5G == + 6,000 pounds. 



Ans. 



19 OO 





40. Complete Analysis 
of a Fink Truss. As a final 
illustration of analysis, we 
shall determine the stresses 
in the members of the truss 
represented in Fig. 43, due to 
permanent, snow, and wind 
loads. This is a very com- 
mon type of truss, and is 
usually called a " Fink ** or 
"French" truss. The trusses 
are assumed to be 15 feet 
apart; and the roof covering, 
12 including purlins, such that it 
weighs 12 pounds per square 
foot. 

The length from one end 
to the peak of the truss equals 

VVS' + 30^ = V i;r25 = 33.54 feet, 
hence the area of the roofing sustained by one truss equals 

(33.54 X 15) 2 = 1,006.2 square feet, 
and the weight of that portion of the roof equals 

1,006.2 X 12 = 12,074 pounds. 
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The probable weight of the truss (steel), according to the foriimla 
of Art. 19, is 

,60 
15 X 60 ( 2^ + 1)= 3,060 pounds. 

The total permanent load, therefore, equals 

12,074 + 3,060 = 15,134 pounds; 

the end loads equal -j^ of the total, or 950 pounds, and the other 
apex loads equal ^ of the total, or 1,900 pounds. 

Dead Load Stress. To determine the dead load Btresses, 
construct a stress diagram. Evidently each reaction equals one-half 
the total load, that is 7,600 pounds; therefore ABCDEFGHIJKA 
(Fig. 44 J) is a polygon for all the loads and reactions. First, we 
draw the polygon for joint 1; it is KABLK, BL and LK repre- 
senting the stress in hi and Ik (see record Page 72 for values). 
Next draw the polygon for joint 2; it is LB,CML, CM and ML 
representing the stresses in an and 7nl. Next draw the polygon 
for joint 3; it is KLMNK, MN and NK representing the stresses 
in mn and nk. 

At each of the next joints (4 and 5), there are three unknown 
forces, and the polygon for neither joint can be drawn. We might 
draw the polygons for the joints on the right side corresponding 
to 1, 2, and 3, but no more until the stress in one of certain mem- 
bers is first determined otherwise. If, for instance, we determine 
by other methods the stress in rh^ then we may construct the poly- 
gon for joint 4; then for 5, etc., without further diflaculty. 

To determine the stress in r^, we pass a section cutting rk^ 
qr^ and eq^ and consider the left part (see Fig. 44^). The arms 
of the loads with respect to joint 8 are 7.5, 15, 22.5, and 30 feet; 
and hence, assuming F^ to be a pull, 

-Fi X 15-1,900 X 7.5-1,900 X 15-1,900 X 22.5-950x80 
-f 7,600 X 30 = 0; or, 

_l,000x 7.5-1,900x15-1,900x22.5-950x30+7,600x30 
Fi ^5 

= 7,600 pounds. 
Since the sign of Fj is plus, the stress in rk is tensile. 
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Now lay off KR to represent the value of the stress in hi 
just found, and then construct the polygon for joint 4. The poly- 
gon is KNORK, NO and OR representing the stresses in no and 
or. Next draw the polygon for joint 5; it is ONMCDPO, DP 
and PO representing the stresses in dp and jt>o. Next draw the 



3650 e 



1625 ti 



•■ ^ (3) 
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. Fig. 45. 

polygon for joint 6 or joint 7; for 6 it is PDEQP, EQ and QP 
representing the stresses in eq and qp. At joint 7 there is now 
but one unknown force, namely, that in qr. The polygon for the 
three others at that joint is ROPQ; and since the unknown force 
must close the polygon, QR must represent that force, and must 
be parallel to qv. 
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On account of the symmetry of loading, the stress in any 
member on the right side is just like that in the corresponding 
member on the left; hence, it is not necessary to draw the diagram 
for the right half of the truss. 

Snow-Load Stress. The area of horizontal projection of the 
roof which is supported by one truss is 00 X 15 = 900 square 
feet; kence the snow load borne by one truss is 900 X 20 = 18,000 
pounds, assuming a snow load of 20 pounds per horizontal 
square fdot. This load is nearly 1.2 times the dead load, and 
is applied similarly to the latter; hence the snow load stress in 
any member equals 1.2 times the dead load stress in it. We 
record, therefore, in the third column of the stress record, numbers 
equal to 1.2 times those in the second as the snow-load stresses. 

Wind Load Stress. The tangent of the angle which the 
roof makes with the horizontal equals ^^ or ^; hence the angle is 
26"^ 34', and the value of wind pressure for the roof equals 
practically 29 pounds per square foot, according to Art. 19. As pre- 
viously explained, the area of the roof sustained by one tmss equals 
1,006.2 square feet; and since but one-half of this receives wind 
pressure atone time, the wind pressure borne by one truss equals 

503.1 X 29 = 14,5S9.9, or practically 14,600 pounds. 

When the wind blows from the left, the apex loads are as 
represented in Fig. 45a, and the resultant wind pressure acts 
through joint 5. To compute the reactions, we may imagine the 
separate wind pressures replaced by their resultant. We shall 
suppose that both ends of the truss are fixed ; then the reactions 
will be parallel to the wind pressure. Let R^ and K2 denote the 
left and right reactions respectively; then, with respect to the 
1 ight end, the arms of R^ and the resultant wind pressure (as may 
be scaled from a drawing) are 1(5.77 + 86.89 and 86.89 feet 
respectively; and with respect to the left end, the arms of R^ and 
the resultant wind pressure are 16.77 + 30.89 and 16.77 foet 
respectively. 
Taking moments about the right end we find that 

- 14,600 X 36.89 + EjX (16.77 + 36.89) = 0; 

^ 14,600X86.89 ^_._ , 

or? ^= Tir77~a-"^irktr = 10,03o pounds. 



16.77 + 36.89 
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Taking momenta about the left end, we find that 

14,000 X 16.77 - R,X (16.77 + 36.89) = ; 
14,600X16.77 



R,= 



: 4,563 pounds. 



16.77 + 36.89 

To determine the etresseB in the members, we construct a 
stress diagram. In Fig. 45S, AB, BC, CD, DE, and EF represent 
the wind loads at the enccessire joints, beginning with joint 1. 
The point F is also marked G, H, I, and J, to indicate the fact 
that there are no loads at joints 9, 10, 11, and 12. JK represeiits 
the right reaction, and KA the left reaction. 

"We may draw the polygon for joint 1 or 12; for 1 it is 
KABLK, BL and LK representing the stresses in hi and lie. "We 
may next draw the polygon for joint 2; it is LBCML,CMand 
HL representing the stresses in cm and ml. 

Stress Record. 







STRESSES. 


















Dead Load. 


Snow Load. 


Wind I*fl. 


Wind Bi,:l„ 


EesuUaot. 


ResalUnt. 


hi 


-14.700 


-17.600 


-16.400 





-48.700 


-32^00 




-13,700 


-16,400 


-15.900 





-46.000 


-.10.100 


dp 


-12,600 


-15,100 


-15.400 





-43,100 


-28,000 


eq 


-11,600 


-13,900 


-14.900 





-40.400 


-26.500 


Im 


- 1,650 


- 2,000 


- 3.700 





- 7A50 


- 5,350 




+ 1,650 


+ 2,000 


+ 3.700 





+ ■>;m 


+ 63TO 




- 3,.30O 


- 4,000 


- 7,400 





- I4.T0O 


- 10,700 


op 


+ ],&■» 


+ 2,200 


+ 4,100 





+ 8.150 


+ 5,960 


P3 


- 1,650 


- 2,O0C' 


- 3,700 





- 7..'{50 


- 5350 


rfl 


■ --TO 


+ 6,000 




hll,000 





» 






M 


+ i,100 




- 7,400 





» 




kl 


» 


+16,000 




-18.300 




h 6.100 


» 




kn 


» 


-no 




14.200 




-6,100 


» 




fcr 


X) 


» 




■ 6.100 




-8,100 


» 




ifcv 


» 


» 




■ 6,100 




■14,200 


» 




hx 


» 


» 




h 6.100 




18,300 


» 






X) 


» 







-7,400 


X) 






» 


10 







^11,000 


» 




$t 


» 


_,„J0 







h 3,700 


» 




tu 


<0 


+ 2,200 







h 4,100 


, -.-JO 






_,_J0 


- 4,000 





- 7,400 


- 14,700 






+ l.ftTO 


+ 2,000 





- 3;70O 


+ 7,.350 




tax 


- 1,650 


- 2.000 





- 3.7l» 


- 7350 




f' 


-11,600 


-13.900 





-14.900 


- 40.400 




t 


-12,000 


-15,100 





-15.400 


-4.3,100 




- 13,7(0 


-16,400 





-15.900 


-46,000 


-30.100 


ix 


-14,700 


-17,600 









16,400 


-48,700 


-32300 
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We may draw next the polygon for joint 8 ; it is KLMNK, MN 
and NK representing the stresses in mji and nl\ No polygon for a- 
joint on the left side can now be drawn, but we may begin at the 
right end. For joint 12 the polygon is JKXIJ, KX and XI 
representing the stresses in Ix and xi. 

At joint 11 there are three forces; and . since they are 
balanced, and two act along the same line, those two must be equal 
and opposite, and the third' must equal zero. Hence the point X 
is also marked W to indicate the fact that XW, or the stress in 
xw^ is zero. Then, too, the diagram shows that WH equals XI. 
Having just shown that there is no stress in xw^ there are but 
three forces at joint 13. Since two of these act along the same 
line, they must be equal and opposite, and the third zero. There- 
fore the point W is also marked V to indicate the fact that WV, 
or the stress in wv^ equals zero. The diagram shows also that VK 
equals XK. This same argument applied to joints 9, 15, 10, and 
14 successively, shows that the stresses in sty tUy tiv^ ur^ and 
Br respectively equal zero. For this reason the point X is also 
marked UTS and R. It is plain, also, that the stresses in sf and 
tg^ equal those in wh and xi^ and that the stress in kr equals that 
in Tcv or I'x. Remembering that we are discussing stress due to 
wind pressure only, it is plain, so far as wind pressure goes, that 
the intermediate members on the right side are superfluous. 

"We may now resume the construction of the polygons for the 
joints on the left side. At joint 4, we know the forces in the 
members kn and kr; hence there are only two unknown forces 
there. The polygon for the joint is KNORK, NO and OR repre- 
senting the stresses in no and or. The polygon for joint 5 may 
be drawn next ; it is ONMCDPO, DP and PO representing the 
stresses in dj) and jpo. The polygon for joint 6 or joint 7 may be 
drawn next ; for G it is PDEQP, EQ and QP representing the 
stresses in eq and qp. At joint 7 there is but one unknown force, 
and it must close the polygon for the known forces there. That 
polygon is ROPQ ; hence QR represents the unknown force. (If 
the work has been correctly and accurately done, QR will be 
parallel to qr). 

When tlie wind blows upon the right side, the values of the 
reactions, and the stresses in any two corresponding members, are 
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reversed. Thus, when the wind blows upon the left side, the 
stresses in I'l and Ix equal 18,300 and 6,100 pounds respectively ; 
and when it blows upon the right they ara rv^^spaetively G,100 and 
18,300 pounds. It is not necessary, therefore, to construct a stress 
diagram for the wind pressure on the right. The numbers in the 
fifth column (see table, Page 72) relate to wind right, and were 
obtained from those in the fourth. 

4i. Combination of Dead, Snow, and Wind-Load Stresses. 

After having found the stress in any member due to the separate 
loads (dead, snow, and wind), we can then find the stress in that 
member due to any combination of loads, by adding algebraically 
the stresses due to loads separately. Thus, in a given member, 
suppose: 

Dead-load stress = + 10,000 pounds, 

Snow-load '* =+15,000 

Wind-load ** (right) = - 12,000 
" (left) = + 4,000 



Since the dead load is permanent (and hence the dead-load stress 
also) the resultant stress in the member when there is a snow load 
and no wind pressure, is 

+ 10,000 + 15,000 = + 25,000 pounds (tension) ; 

when there is wind pressure on the right, the resultant stress 
equals 

+ 10,000 - 12,000 = - 2,000 pounds (compression) ; 

when there is wind pressure on the left, the resultant stress is 

+ 10,000 + 4,000 = + 14,000 pounds (tension) ; 

and when there is a snow load and wind pressure on the left, the 
resultant stress is 

-f 10,000 + 15,000 + 4,000 =r + 20,000 pounds (tension). 

If all possible combinations of stress for the preceding case be 
made, it will be seen that the greatest tension which can come 
upon the member is 29,000 pounds, and the greatest compression 
is 2,000 pounds. 

In roof trusses it is not often that the wind load produces a 
"reversal of stress" (that is, changes a tension to compression, or 
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vice versa) \ hvLt in bridge trusses the rolling loads often produce 
reversals in some of the members. In a record of stresses the 
reversals of stress should always be noted, and also the value of 
the greatest tension and compression for each one. 

The numbers in the sixth column of the record (Page 72) are 
the values of the greatest resultant stress for each member. It is 
sometimes assumed that the greatest snow and wind loads will not 
come upon the truss at the same time. On this assumption the 
resultant stresses are those given in the seventh column. 

EXAMPLE FOR PRACTICE. 

1. Compile a complete record for the stresses in the truss of 
Fig. 24, for dead, snow, and wind loads. See Example 1, Article 
27, for values of dead-load stresses, and Example 2, Article 29, 
for values of the wind-load stresses. Assume the snow load to 
equal 1.2 times the dead load. 

After tlfb record is made, compute the greatest possible stress 
in each member, assuming that the wind load and snow load will 
not both come upon the truss at the same time. 

The greatest resultant stresses are as follows: 



Member 
Result- 
ant. . : 



a/ 
-14,950 



fe 



^y fy 9^ hi he 




ie I id 



+17,800; -10,400 -8,900 -|-7,800 -8.900 -11,800 -|-11,500;-13.8C0 



43. Truss Sustaining a Roof of Changing Slope. Fig 46 

represents snch a truss. The weight of the truss itself can be esti- 
mated by means of the formula of Art. 19. Thus if the distance 
between trusses equals 12 feet, the weight of the truss equals 

32 

W--- 12 X 32 ( ^ + 1) =^ 875 pounds. 

The weight of the roofing equals the product of the area of 
the roofing and the weight per unit area. The area equals 12 
times the sum of the lengths of the members 12, 23, 84, and 45, 
that is, 12 X 3GJ = 438 square feet. If the roofing weighs 10 
pounds per square foot, then the weight of roofing sustained by 
one truss equals 438 X 10 = 4,380 pounds. The total dead load 
then equals 

875 + 4,380 = 5,255 pounds; 
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and the apex dead loads for joints 2, 3, and 4 equal : 

-J- X 5,255 = 1,314 (or approximately 1,300) pounds; 
while the loads for joints 1 and 5 equal 

— X 5,255 = 657 (or approximately 650) pounds. 

The snow loads for the joints are found by computing the 
snow load on each separate slope of the roof. Thus, if the snow 



iooolte. 



2loo^ y looolb^. 




'' \R;174oIb6. 



Fig. 46. 

weighs 20 pounds per square foot (horizontal), tho load on the portion 
12 equals 20 times the area of the horizontal projection of the por- 
tion of the roof represented by 12. This horizontal projection equals 
8 X 12 (= 96) square feet; snow load equals 96 X 20 (= 1,920) 
pounds. This load is to be equally divided between joints 1 and 2. 

In a similar way the snow load borne by 23 equals 20 times 
the area of the horizontal projection of the roof represented by 23; 
this horizontal projection equals 8 X 12 ( = 90) square feet as 
before, and the snow load hence equals 1,920 pounds also. This 
load is to be equally divided between joints 2 and 3. 

Evidently the loads on parts 34 and 45 also equal 1,920 
poundo each; hence the apex loads at joints 1 and 5 equal 960 
pounds and at joints 2, 3 and 4, 1,920 pounds. 
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The wind load must be computed for each slope of the roof 
separately. The angles which 12 and 23 make with the horizontal, 
scale practically 37 and 15 degrees. According to the table of 
wind pressures (Art. 19), the pressures for these slopes equal 
about 35 and 20 pounds per square foot respectively. Since mem- 
ber 12 is 10 feet long, the wind pressure on the 37-degree slope 
equals 10 X 12 X 35 = 4,200 pounds. 

This force acts perpendicularly to the member 12, and is to 
be equally divided between joints 1 and 2 as represented in the 
figure. Since the member 23 is 8 J feet long, the wind pressure 
on the 15-degree slope equals 

8J X 12 X 20 = 1,980 or approximately 2,000 pounds. 

.This pressure acts perpendicularly to member 23, and is to be 
equally divided between joints 2 and 3 as represented. 

The stress diagram for dead, snow, or wind load for a truss 
like that represented in Fig. 46, is constructed like those previously 
explained; but there are a few points of difference in the analysis 
for wind stress, and these will be explained in what follows. 

Example. Let it be required to determine the stresses in the 
truss of Fig, 46, due to wind loads on the left as represented. 

It is necessary to ascertain the reactions due to the wind loads; 
therefore, find the resultant of the wind pressures, see Art. 32; it 
equals 6,120 pounds and acts as shown. Kow, if both ends of the truss 
are fastened to the supports, then the reactions are parallel to the 
resultant wind pressure, and their values can be readily found from 
moment equations. Let R, and R, denote the left and right reac- 
tions respectively; then, since the arms of Rj and the resultant 
wind pressure with respect to the right end equal 27.8 and 19.9 
feet respectively, 

R, X 27.8 = 6,120 X 19.9 = 121,788 ; 

1 -r» 121,788 t\c\f\ 1 * • 1 

hence, R, = — ^^ ^ = 4,380 pounds approximately, 

Since the arms of Rj and the resultant wind pressure wfth respect 
to the left support are 27.8 and 7.9 feet respectively, 

R^X 27.8 = 6,120 X 7.9 = 48,348 ; 
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48,348 , „,^ , . , 

Iience, Ii.^= — ^y^ — = 1,740 pounds approximately. 

The next step is to draw the polygon for the loads and reactions ; 
BO we draw lines AB, BC, CD, and DE to represent the loads at 
joint 1, the two at joint 2, and that at joint 3, respectively ; and 
then EF to represent the right reaction. (If the reactions have 
been correctly determined and the drawing accurately done, then 
FA will represent the left reaction.) 

The truss diagram should now be lettered (agreeing with the 
letters on the polygon just drawn), and then the construction of 
the stress diagram may be begun. Since this construction presents 
no points not already explained, it will not be here carried out. 

EXAMPLE FOR PRACTICE. 

Analyze the truss of Fig. 46 for dead, snow, and wind loads 
as computed in the foregoing, and compute the greatest resultant 
stress in each member due to combined loads, assuming that the 
snow and wind do not act at the same time. 



Stress Record. 



CO 

a 



Mem- 
ber. 


Dead. 






12 


-3,250 


23 


-2,700 


16 


+2,600 


26 





36 





46 





56 


+2,600 


43 


-2,700 







54 



-3,250 



Snow. 


Wind Left. 


Wind Right. 


B^^sultont. 


-4,800 


-3,450 


-2,500 


-8,050 


-4,000 


- 2,850 


-3,100 


-6,700 


+3,850 


+3,750 


+1,150 


+6,450 





-2,000 


+1,250 


{ -2,000 
I +1,250 





+ 450 


+ 450 


+ 450 





+1,250 


-2,000 


\ +1.250 
} -2000 


+3,850 


+1,150 


+3,750 


+6,450 


-4,000 


-3,100 


-2,850 


-6,700 


-4,800 


-2,500 


-3,450 


-8,050 
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PART I. 



STRUCTURAL MATERIALS. 

Classification of Natural Stones. The rocks from which the 
stones for building are selected are classified according to (1) their 
geological position, (2) their physical structure, and (3) their chemical 
composition. 

Geological Classification. The geological position of rocks 
has but little connection with their properties as building materials. 
As a general rule, the more ancient rocks are the stronger and more 
durable; but to this there are many notable exceptions.^ According 
to the usual geological classification rocks are divided into three 
classes, viz.: 

IgneotLS, of which greenstone (trap), basalt, and lava are ex- 
amples. 

Metamorphic, comprising granite, slate, marble, etc. 

Sedimcnlaryy represented by sandstones, limestones, and clay. 

Physical Classification. With respect to the structural char- 
acter of their large masses, rocks are divided into two great classes: 
(1) the unstratified, (2) the stratified, according as they do or do not 
consist of flat layers. 

The unstratified rocks are for the most part composed of an 
aggregation of crj'stalline grains firmly cemented together. Granite, 
trap, basalt, and lava are examples of this class. All the unstratified 
rocks are composed as it were of blocks which separate from each 
other when the rock decays or when struck violent blows. These 
natural joints are termed the line of cleavage or rift, and in all cutting 
or quarrying of unstratified rocks the work is much facilitated by 
taking advantage of them. 

The stratified rocks consist of a series of parallel layers, evidently 
deposited from water, and originally horizontal, although in most 
cases they have become more or less inclined and curved by the action 
of disturbing forces. It is easier to divide them at the planes of divi« 
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sion between these layers than elsewhere. Besides its principal layers 
or strata, a mass of stratified rock is in general capable of division into 
thinner layers ; and, although the surfaces of division of the thinner lay- 
ers are often parallel to those of the strata, they are also often oblique 
or even perpendicular to them . This constitutes a laminated structure. 

Laminated stones resist pressure more strongly in a direction 
perpendicular to their laminae than parallel to them; they are more 
tenacious in a direction parallel to their laminse than perpendicular 
to them; and they are more durable with the edges than with the 
sides of their lamina; exposed to the w-eather. Therefore in building 
they should be placed with their laminae or "beds" perpendicular 
to the direction of greatest pressure, and with the edges of these 
laminae at the face of the wall. 

Chemical Classification. Tlie stones used in building are 
divided into three classes, each distinguished by the predominant 
mineral which forms the chief constituent, viz. : 

Silicious stones, of which granite, gneiss, and trap are examples. 

Argillaceous stones, of which clay, slate, and porphyry are 
examples. 

Cahareoiis stones, represented by limestones and marbles. 

REQUISITES FOR GOOD BUILDING STONE. 

The requisites for good building stone are durability, strength, 
cheapness, and beauty. 

Durability. The durability of stone is a subject upon which 
there is very little reliable knowledge. The durability will depend 
upon the chemical composition, physical structure, and the position 
in which the stone is placed in the work. The same stone will vary 
greatly in its durability according to the nature and extent of the 
atmospheric influences to which it is subjected. 

The sulphur acids, carbonic acid, hydrochloric acid, and traces 
of nitric acid, in the smoky air of cities and towns, and the carbonic 
acid in the atmosphere ultimately decompose any stone of which 
either carbonate of lime or carbonate of magnesia forms a consid- 
erable part. 

Wind has a considerable effect upon the durability of stone. 
High winds blow sharp particles against the face of the stone and 
thus grind it away. Moreover, it forces the rain into the pores of 
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the stone, and may thus cause a considerable depth to be subject 
to the eflFects of acids and frost. 

In winter water penetrates porous stones, freezes, expands, and 
disintegrates the surface, leaving a fresh surface to Ik? similarly 
acted upon. 

Strength is generally an indispensable attribute, especially 
under compression and cross-strain. 

Cheapness is influenced by the ease with which the stone can 
be quarried and worked into the various forms required. Cheapness 
is also affected by abundance, facility of transportation, and prox- 
imity to the place of use. 

Appearance. The requirement of beauty is that it should 
have a pleasing appearance. For this purpose all varieties contain- 
ing much iron should be rejected, as they are liable to disfigurement 
from rust-stains caused by the oxidation of the iron under the influ- 
ence of the atmosphere. 

TESTS FOR STONE. 

The relative enduring qualities of different stones are usually 
ascertained by noting the weight of water they absorb in a given 
time. The best stones as a rule absorb the smallest amount of water. 

Some stones, however, come from the quarry soaked with water 
and in that condition are very soft and easily worked. Upon expo- 
sure to the atmosphere they gradually drj" out and become very hard 
and durable. The Bedford limestone of Indiana forms an example 
of this kind of stone, and the stone in many of the public buildings 
throughout the United States may be seen in the process of "weath- 
ering", indicated by the mottled appearance of the walls. 

To determine the absorptive power, dry a specimen and weigh 
it carefully, then immerse it in water for 24 hours and weigh again. 
The increase in weight will be the amount of absorption. 

TABLE 1. 
Absorptive Power of Stones. 

Percentage of Water 
Absort>cd. 

Granites 0.06 to 0.15 

Sandstones 0.41 " 5.48 

Limestones 0.20 " 5.00 

Marbles 0.08 " 0.16 
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Effect of Frost (Brard's Test). To ascertain the effect of 
frost, small pieces of the stone are immersed in a concentrated boiling 
solution of sulphate of soda (Glauber's salts), and then hung up for 
a few days in the air. The salt crystallizes in the pores of the stone, 
sometimes forcing off bits from the comers and arrises, and occa- 
sionally detaching larger fragments. 

The stone is weighed before and after submitting it to the test. 
The difference of weight gives the amount detached by disintegra- 
tion. The greater this is, the worse is the quality of the stone. 

Effect of the Atmosphere {Acid Test), Soaking a stone 
for several days in water containing 1 per cent of sulphuric and 
hydrocholric acids will afford an idea as to whether it will stand 
the atmosphere of a large city. If the stone contains any matter 
likely to be dissolved by the gases of the atmosphere, the water 
will be more or less cloudy or muddy. 

A drop or two of acid on the surface of a stone will create an in- 
tense effervescence if there is a large proportion present of carbon- 
ate of lime or magnesia. 

PRESERVATION OF STONE. 

A great many preparations have been used for the prevention 
of the decay of building stones, as paint, coal-tar, oil, beeswax, 
rosin, paraffine, soft-soap, soda, etc. All of the methods are expen- 
sive, and there is no evidence to show that they afford permanent 
protection to the stone. 

ARTIFICIAL STONES. 

Brick is an artificial stone made by submitting clay, which has 
been suitably prepared and moulded into shape, to a temperature 
of sufficient intensity to convert it into a semi-vitrified state. The 
quality of the brick depends upon the kind of clay used and upon 
the care bestowed on its preparation. 

The clays of which brick is made are;, chemical compounds con- 
sisting of silicates of alumina, either alone or combined with other 
substances, such as iron, lime, soda, potash, magnesia, etc., all of 
which influence the character and quality of the brick, according as 
one or the other of those substances predominates. 
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TABLE 2. 
Specific Qravlty, Weight and Resistance to Crushing of Stones. 



Kinds of Stone 



Specific Gravity 



Granite- 



minimum .... 

maximum 

Trap- 
minimum .... 

maximum 

Gneiss, average . 
Syenite, average 
Sandstones — 

minimum .... 

maximum 

Limestones — 

minimum .... 

maximum 

Marbles — 

minimum .... 

maximum 



2.60 
2.80 

2.86 
3.03 
2.70 
2.64 

2.23 
2.75 

1.90 
2.75 

2.62 
2.95 



Weight, pounds 
per cubic foot 



163 
176 

178 
189 
168 
167 

137 
170 

118 
175 

165 
179 



Resistance to 

crushing, pounds 

per sq. in. 



12,000 
35,000 

19,000 
24,000 
19,600 
30,740 

5,000 
18,000 

7,000 
20,000 

8,000 
20,000 



Iron gives hardness and strength; hence the red brick of the 
Eastern States is often of better quality than the white and yellow 
brick made in the West. Silicate of lime renders the clay too fusible 
and causes the bricks to soften and to become distorted in the pro- 
cess of burning. Carbonate of lime is at high temperatures changed 
into caustic lime, renders the clay fusible, and when exposed to the 
action of the weather absorbs moisture, promotes disintegration, and 
prevents the adherence of the mortar. Magnesia exerts but little 
influence on the quality; in small quantities it renders the clay fusible; 
at 60° F. its crystals lose their water of crystallization, and cold water 
decomposes them, forming an insoluble hydrate in the form of a white 
powder. In air-<lried brick this action causes cracking. The alkalies 
are found in small quantities in the best of clays; their presence tends 
to promote softening, and this goes on the more rapidly if it hiis 
been burned at too low a temperature. Sand mixed with the clay 
in moderate quantity (one part of sand to four of clay is about the 
best proportion) is beneficial, as tending to prevent excessive shrinking 
in the fire. Excess of sand destroys the cohesion and renders the 
brick brittle and weak. 
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MANUFACTURE OF BRICK. 

The manufacture of l)rick may be classified under the following 
heads : 

Excavation of the clay, either by manual or mechanical power. 

Preparaihii of the clay consists in (a) removing stones and me- 
chanical impurities; (h) tempering and moulding, which is now 
done almost wholly by machinery. There is a great variety of 
machines for tempering and moulding the clay, which, however, 
may be grouped into three classes, according to the condition of 
the clay when moulded: (1) soft-mud machines, for which the clay 
is reduced to a soft mud by adding about one quarter of its volume 
of water; (2) stiff-mud machines, for which the clay is reduced to 
a stiff mud; (3) dry-clay machines, with which the dry or nearly dry 
clay is forced into the moulds by a heavy pressure without having 
been reduced to a plastic mass. These machines may also be divided 
into two classes, according to the method of filling the moulds: (1) 
those in which a continuous stream of clay is forced from the pug- 
mill through a die and is aftei'wards cut up into bricks; and (2) those 
in which the clay is forced into moulds moving under the nozzle of 
the pug-mill. 

Drying and Burning, The bricks, having been dried in the 
open air or in a drjing-house, are burned in kilns; the time of burn- 
ing varies with the character of the clay, the form and size of the kiln, 
and the kind of fuel, from six to fifteen davs. 

Color of Bricks depends upon the composition of the clay, 
the moulding sand, temperature of burning, and volume of air ad- 
mitted to the kiln. Pure clay free of iron will bum white, and 
mixing of chalk with the clay will produce a like effectT Iron pro- 
duces a tint ranging from red and orange to light yellow, according to 
the proportion of the iron. 

A large proportion of oxide of iron mixed with pure clay will 
produce a bright red, and where there is from 8 to 10 per cent, and 
the brick is exposed to an intense heat, the oxide fuses and produces a 
dark blue or purple, and with a small volume of manganese and an 
increased proportion of the oxide the color is darkened even to a black, 

A small volume of lime and iron produces a cream color, an in- 
crease of iron produces red, and an increase of lime broken. Magnesia 
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in presence of iron produces yellow, and clay containing alkalies and 
burned at a high temperature produces a bluish green. 

The best quality of building brick and probably the majority 
of paving brick or block, are manufactured from shale. The process 
of manufacture is similar to that of clay-brick, the shale being first 
ground very fine. If the shale is nearly free from impurities, the 
resulting product will be a cream colored brick. To give the brick 
any desired color, the shale is mixed with clay containing the proper 
proportions of lime, iron, or magnesia, giving almost any shade from 
a cream to a dark wine color or even a black. 

Classification of Brick: Bricks are classified according to (1) 
the way in which they are moulded; (2) their position in the kiln 
while being burned; and (3) their form or use. 

The method of moulding gives rise to the following terms: 

Soft-^mvd Brick, One moulded from clay which has been re- 
duced to a soft mud by adding water. It may be either hand-moulded 
or machine-moulded. 

Stiff-mud Brick. One moulded from clay in the condition of 
stiff mud. It is always machine-moulded. 

Pressed Brick. One moulded from dry or semi-dry clay. 

Re-pressed Brick. A soft-mud brick which, after being par- 
tially dried, has been subjected to an enormous pressure. It is also 
called, but less appropriately, pressed brick. The object of the 
re-pressing is to render the form more regular and to increase the 
strength and density. 

Sanded Brick. -Ordinarily, in making soft-mud brick, sand 
is sprinkled into the moulds to prevent the clay from sticking; the 
brick is then called sanded brick. The sand on the surface is of 
no advantage or disadvantage. In hand-moulding, when sand is 
used for this purpose, it is certain to become mixed with the clay 
and occur in streaks in the finished brick, which is very undesirable. 

Machine-made Brick. Brick is frequently described as " machine 
made"; but this is very indefinite, since all grades and kinds are 
made by machinery. 

When brick was generally burned in the old-style up-draught 
kihi, the classification according to position was important; but with 
the new styles of kilns and improved methods of burning, the quality 
is so nearly uniform throughout the kiln that the classification is less 
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important. Three grades of brick are taken from the old-style kiln: 

Afch or Clinker Bricks, Those which form the tops and sides 
of the arches in which the fire is built. Being overbumed and par- 
tially vitrified, they are hard, brittle, and weak. 

Body, Cherry, or Hard Bricks. Those taken from the interior 
of the pile. The best bricks in the kiln. 

Salmon, Pale, or Soft Bricks. Those which form the exterior 
of the mass. Being underbumed, they are too soft for ordinary 
work, unless it be for filling. The terms salmon and pale refer to the 
color of the brick, and hence are not applicable to a brick made of a 
clay that does not bum red. Althoughr nearly all brick-clays bum 
red, yet the localities where the contrary is true are sufficiently numer- 
ous to make it desirable to use a different term in designating the 
quality. There is not necessarily any relation between color, and 
strength and density. Brick-makers naturally have a prejudice 
against the term so]t brick, which doubtless explains the nearly uni- 
versal prevalence of the less appropriate term salmon. 

The form or use of bricks gives rise to the following classification r 

Compass Brick. Those having one edge shorter than the other. 
Used in lining shafts, etc. 

Feather^dge Brick. Those of which one edge is thinner than 
the other, l^sed in arches; and more properly, but less frequently, 
called voussoir brick. 

Front or Face Brick. Those which, owing to unifoiinity of size 
and color, are suitable for the face of the walls of buildings. Some- 
times face bricks are simply the best ordinary brick; but generally 
the term is applied only to re-pressed or pressed brick made especially 
for this purpose. They are a little larger than ordinary bricks. 

Sewer Brick. Ordinary hard brick, smooth, and regular in form. 

Kiln-run Brick. All the brick that are set in the kiln when 
bumed. 

Hard Kiln-run Brick. Brick bumed hard enough for the face 
of outside walls, but taken from the kiln unselected. 

Rank of Bricks. In reguhrity of form re-pressed brick ranks 
first, dry-kiln brick next, then stiff-mud brick, and soft-mud brick 
last. Regularity of form depends largely upon the method of burning. 

The compactness and uniformity of texture, which greatly in- 
fluence the durability of brick, depend mainly upon the method of 
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moulding. As a general rule, hand-moulded bricks are best in this 
respect, since the clay in them is more uniformly tempered before 
being moulded; but this advantage is partially neutralized by the 
presence of sand-seams. Machine-moulded soft-mud bricks rank 
next in compactness and uniformity of texture. Then come machine- 
moulded stiff-mud bricks, which vary greatly in durability with the 
kind of machine used in their manufacture. By some of the machines 
the brick is moulded in layers (parallel to any face, according to the 
kind of machine) which are not thoroughly cemented, and which 
separate under the action of frost. The dry-clay brick comes last. 
However, the relative value of the products made by different pro- 
cesses varies with the nature of the clay used. 

TABLE 3. 
Size and Weight of Bricks. 

The variations in the dimensions of brick render a table of exact 
dimensions impracticable. 

As an exponent, however, of the ranges of their dimensions^ 
the following averages are given : 

Baltimore front ^ 

Wilmington front ^ 8J in. X 4 J in. X 2f in. 

Washington front J 

Croton front 8i 

Maine ordinary 7i 

Milwaukee ordinary 8 J 

North River, N. Y 8 

English 9 

The Standard Size as adopted by the National Brickmakers' Asso- 
ciation and the National Trailers and Builders' Association is for com- 
mon brick 8 J X 4 X 2} inches, and for face brick 8f X 4J X 2 J inches. 
Re-pressed Brick weighs about 1 50 lb. per cubic foot, common brick 
125, inferior soft 100. Common bricks will average about 4 J lb. each. 
Hollow Brick, used for interior walls and furring, are usually 
of the following dimensions: 

Single, 8 in. long, 3| in. wide, 2} in. thick. 
Double, 8 " " 7i " " 4i " " 
Treble, 8 " " 7} " " 7J " " 
Raman Brick, 12 in. long, 4 to 4 J in. wide, 1 J in. thick. 



n. 


X 4 in. 


X 2 J in. 


n. 


X 33 in. 


X 2f in. 


n. 


X 4J in. 


X 21 in. 


n. 


X 31 in. 


X 2} in. 


n. 


X4iin. 


X 2J in. 
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TABLE 4. 
Specific Qravity» Weiglit, and Resistance to Crustiing of Briclc< 



Designation of brick. 



Specific gravity. 



Weight per cubic 
foot, pounds. 



Best pressed. . . 
Common hard; 
Soft 



2.4 

1.6 to 2.0 

1.4 



150 
125 
100 



Resistance to 

Crushing, pounds 

per sq. in. 



5,000 to 14,973 

5,000 to 8,000 

450 to 600 



PIre-BricIc are used wherever high temperatures are to be 
resisted. They are made from fire-clay by processes very similar 
to those adopted in making ordinary brick. Fire-clay is also used 
in the manufacture of paving-blocks or pavers, especially in West- 
em Indiana; and many of the streets of our Western cities •are laid 
with fire-clay block, forming a smooth and durable roadway. 

Fire-clay may be defined as native combinations of hydrated 
silicates of alumina, mechanically associated with silica and alumira 
in various states of subdivision, and suflScientlv free from silicates of 
the alkalies and from iron and lime to resist vitrification at high tem- 
peratures. The presence of oxide of iron is very injurious; and, as 
a rule, the presence of 6 per cent justifies, the rejection of the brick. 
The presence of 3 per cent of combined lime, soda, potash, and mag- 
nesia should be a cause for rejection. The sulphide of iron — ^pyrites 
— is even worse than the substances first named. 

A good fire-clay should contain from 52 to 80 per cent of silica 
and 18 to 35 per cent of alumina and have a uniform texture, a some- 
what greasy feel, and be free from any of the alkaline earths. 

Good fire brick should be uniform in size, regular in shape, 
homogeneous in texture and composition, strong, and infusible and 
break with a uniform and regular fracture. 

A properly burnt fire-brick is of a uniform color throughout its 
mass. A dark central patch and concentric rings of various shades 
of color are due mainly to the different states of oxidation of the 
iron and partly to the presence of unconsumed carbonaceous mat- 
ter, and indicates that the brick was burned too rapidly . 

Fire-brick are made in various forms to suit the required work. 
A straight brick measures 9 X 4i X 2 J inches and weighs about 7 lb., 
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or 120 lb. per cubic foot; specific gravity 1.93. One cubic foot of 
wall requires 17 9-inch bricks; one cubic yard requires 460. One 
ton of fire-clay should be sufficient to lay 3000 ordinary bricks. 
English fire-bricks measure 9 X 41 X 2J inches. 

To secure the best results fire-brick should be laid in the same 
clay from which they are manufactured. It should be used as a 
thin paste, and not as mortar: the thinner the joint the better the 
furnace wall. The brick should be dipped in water as they are 
used, so that when laid they will not absorb the water from the 
clay paste. They should then receive a thin coating of the prepared 
fire-clay, and be carefully placed in position with as little of the fire- 
clay as possible. 

CEnENTINQ HATERIALS. 

Composition. All the cementing materials employed in build- 
ings are produced by the burning of natural or artificial mixtures 
of limestone with clay or siliceous material. The active substances 
in this process and the ones which are necessary for the production 
of a cement, are the burned lime, the silica and the alumina, all of 
which enter into chemical combination with one another under the 
influence of a high temperature. 

Classification. Owing to the varying composition of the raw 
materials, which range from pure carbonate of lime to stones contain^ 
ing variable proportions of silica, alumina, magnesia, oxide of iron, 
manganese, etc., and the different methotls employed for burning, 
the product possesses various properties which regulate its behavior 
when treated with water, and render necessary certain precautions 
in its manipulation and use, and furnishes a basis for division into 
three classes; namely, common lime, hydraulic lime, and hydraulic 
cements, the individual peculiarities of which will be taken up later. 

Common lime is distinguished from hydraulic lime by its failure 
to set or harden under water, a property which is possessed by hy- 
draulic lime to a greater or less degree. 

The limes are distinguished from the cements by the former 
falling to pieces (slaking) on the application of water, while the 
latter must be mechanically pulverized before thej can be used. 

The hydraulic cements are divided into two classes, namely; 
natural and artificial. The first class includes all hydraulic substances 
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produced from natural mLxtures of lime and clay, by a burning pro- 
cess which has not been carried to the point of vitrification, and which 
still contain more or less free lime. 

The artificial cements are generally designated by the name 
"Portland" and comprise all the cements produced from natural or 
artificial mixtures of lime and clay, lime and furnace slag, etc., by a 
burning process which is carried to the point of vitrification. 

The hydraulic cements do not slake after calcination, differing 
materially in this particular from the limes proper. They can be 
formed into paste with water, without any sensible increase in volume, 
and little, if any, production of heat, except in certain instances among 
those varieties which contain the maximum amount of lime. They 
do not shrink in .hardening, like the mortar of rich lime, and can be 
used with or without the addition of sand, although for the sake of 
economy sand is combined with them. 

All the limes and cements in practical use have one feature in 
common, namely, the property of "setting" or "hardening" when 
combined with a certain amount of water. The setting of a cement 
is, in general, a complex process, partly chemical in its nature and 
partly mechanical. Broadly stated, the chemical changes which 
occur may be said to afford opportunity for the mechanical changes 
which result in hardening, rather than themselves to cause the harden- 
ing. The chemical changes are, therefore, susceptible of wide varia- 
tion without materially influencing the result. The crumbling which 
calcined lime undergoes on being slaked is simply a result of the 
mechanical disintegrating action of the evolve<l steam. In some 
cements of which plaster of Paris may be taken as the type, water 
simply combines with some constituent of the cement already present. 
In others, of which Portland cement is the most important example, 
certain chemical reactions must first take place. These reactions 
give rise to substances which, as soon as formed, combine with water 
and constitute the true cementitious material. The quantity of 
water used should be regulated according to the kind of cement, since 
every cement has a certain capacity for water. However, in practice 
an excess of about 50 per cent must be used to aid manipulation. 

The rapidity of setting (denominated activity) varies with the 
character of the cement, and is influenced to a great extent by the 
temperature, and also, but in less degree, by the purity of the water. 
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Sea water hinders the setting of some cements, and some cements, 
which are very hard in fresh water, only harden slightly in sea water 
or even remain soft. Cements which require more than one-half 
hour to set are called "slow-setting", all others "quick-setting". 
As a rule the natural cements are quick- and the Portlands slow- 
setting. None of the cements attain their maximum hardness until 
some time has elapsed. For good Portland 15 days usually suffices 
for complete setting, but the hardening process may continue for a 
year or more. 

The form and fineness of the cement particles are of great impor- 
tance in the setting of the cement, and affect the cementing and 
economic value. Coarse particles have no setting power and act as 
an adulterant. In consequence of imperfect pulverization some 
cements only develop three-fourths of their available activity, one- 
fourth of the cement consisting of grains so coarse as to act merely 
like so much sand. The best cement when separated from its fine 
particles will not harden for months after contact with water, but sets 
at once if previously finely ground. 

In a mortar or concrete composed of a certain quantity of inert 
material bound together by a cementing material it is evident that to 
obtain a strong mortar or concrete it is essential that each piece of 
aggregate shall be entirely surrounded by the cementing material, 
so that no two pieces are in actual contact. Obviously, then, the 
finer a cement the greater surface will a given weight cover, and the 
more economy will there be in its use. The proper degree of fineness 
is reached when it becomes cheaper to use more cement in propor- 
tion to the aggregate than to pay the extra cost of additional grinding. 

Use. Common lime is used almost exclusively in making 
mortar for architectural masonry. Natural cement is used for 
masonry where great ultimate strength is not as important as initial 
strength and in masonry protected from the weather. Portland 
cement is used for foundations and for all important engineering 
structures requiring great strength or which are subject to shock; 
also for all sub-aqueous construction. 

Lines. 

Rich Limes. The common fat or rich limes are those obtained 
by calcining pure or very nearly pure carbonate of lime. In slaking 
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they augment to from two to three and a half times that of the original 
mass. They will not harden under water, or even in damp places 
excluded from contact with the air. In the air they harden by the 
gradual formation of carbonate of lime, due to the absorption of car- 
bonic acid gas. 

The pastes of fat lime shrink in hardening to such a degree that 
they cannot be employed for mortar without a large dose of sand. 

Poor Limes. The poor or meagre limes generally contain 
silica, alumina, magnesia, oxide of iron, sometimes oxide of man- 
ganese, and in some cases traces of the alkalies, in relative propor- 
tions which vary considerably in different localities. . In slaking they 
proceed sluggishly, as compared with the rich limes — ^the action only 
commences after an interval of froin a few minutes to more than an 
hour after they are wetted; less water is required for the process, and 
it is attended with less heat and increase of volume than in the case 
of fat limes. 

Hydraulic Limes. The hydraulic limes, including the three 
subdivisions, viz., slightly hydraulic, hydraulic, and eminently hydravr 
licy are those containing after calcination sufficient of such foreign 
constituents as combine chemically with lime and water to confer 
an appreciable pow^r of setting or hardening under water without 
the access of air. They slake still slower than the meagre limes, and 
with but a small augmentation of volume, rarely exceeding 30 per 
cent of the original bulk. 

lAme is shipped either in bulk or in barrels. If in bulk, it is 
impossible to preser\'e it for any considerable length of time. A 
barrel of lime usually weighs about 230 lb. net, and will make about 
three tenths of a cubic yard of stiff paste. A bushel weighs 75 lb. 

NATURAL CEHENT. 

Rosmdale or natural cements are produced by burning in draw- 
kilns at a heat just sufficient in intensity and duration to expel the 
carbonic acid from argillaceous or silicious limestones containing 
less than 77 per cent of carbonate of lime, or argillo-magnesian lime- 
stone containing less than 77 per cent of both carbonates, and then 
grinding the calcined product to a fine powder between millstones. 

Characteristics. The natural cements have a porous, globu- 
lar texture. They do not heat up nor swell sensibly when mixed with 
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water. They set quickly in air, but harden slowly under water, 
without shrinking, and attain great strength with well-developed 
adhesive force. 

Setting. A pat made with the minimum amount of water should 
set in about 30 minutes. 

Fineness. At least 93 per cent must pass through a No. 50 sieve. 

Weight. Varies from 49 to 56 pounds per cubic foot. 

Specific Gravity about 2.70. 

Tensile Strength. Neat cement, one day, from 40 to 80 pounds. 
Seven days, from 60 to 100 pounds. One year, from 300 to 400 
pounds. 

PORTLAND CEHENT, 

Portland Cement is produced by burning, with a heat of suf- 
ficient intensity and duration to induce incipient vitrification, certain 
argillaceous limestones, or calcareous clays, or an artificial mixture of 
carbonate of lime and clay, and then reducing the burnt material to 
powder by grinding. . Fully 95 per cent of the Portland cement pro- 
duced is artificial. The name is derived from the resemblance which 
hardened mortar made of it bears to a stone found in the isle of Port- 
land, off the south coast of England. 

The quality of Portland cement depends upon the quality of the 
raw materials, their proportion in the mixture, the degree to which 
the mixture is burnt, the fineness to which it is ground, and the con- 
stant and scientific supervision of all the details of manufacture. 

Characteristics. The color should be a dull bluish or green- 
ish gray, caused by the dark ferruginous lime and the intensely green 
manganese salts. Any variation from this color indicates the pres- 
ence of some impurity; blue indicates an excess of lime; dark green, 
a large percentage of iron; brown, an excess of clay; a yellowish shade 
indicates an underbumed material. 

Fineness. It should have a clear, almost floury feel in the hand; 
a gritty feel denotes coarse grinding. 

Specific Gravity is between 3 and 3.05. As a rule the strength 
of Portland cement increases with its specific gravity. 

Tensile Strength. \\Tien moulded neat into a briquette and 
placed in water for seven days it should be capable of resisting a ten- 
sile strain of from 300 to 500 pounds per square inch. 
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Setting, A pat made with the minimum amount of water should 
set in not less than three hours, nor take more than six hours. 

Expansion and Contraction, Pats left in the air or placed in 
water should during or after setting show neither expansion nor con- 
traction, either by the appearance of cracks or change of form. 

A cement that possesses the foregoing properties may be con- 
sidered a fair sample of Portland cement and would be suitable for 
any class of work. 

Ovcrlimcd Cement is likely to gain strength very rapidly in the 
beginning and later to lose its strength, or if the percentage of free 
lime be sufficient it will ultimately disintegrate. 

Blovnng or Swelling of Portland cement is caused by too much 
lime or insufficient burning. It also takes place when the cement is 
very fresh and has not had time to cool. 

Adulteration, Portland cement is adulterated with slag cement 
and slaked lime. This adulteration may be distinguished by the 
light specific gravity of the cement, and by the color, which is of a 
mauve tint in powder, while the inside of a water-pat when broken 
is deep indigo. Gypsum or sulphate of lime is also used as an 
adulterant. 

TESTING CEflENTS. 

The (piality or constructive value of a cement is generally ascer- 
tained by submitting a sample of the particular cement to a series of 
tests. The pro[)erties usually examined are the color, weight, activity, 
soundness, fineness and tensile strength. Chemical analysis is some- 
times made, and specific gravity test is substituted for that of weight. 
Tests of compression and adhesion are also sometimes added. As 
these tests cannot be made upon the site of the work, it is usual to 
sample each lot of cement as it is delivered and send the samples to a 
testing laboratory. 

Sampling Cement. The cement is sampled by taking a small 
quantity (1 to 2 lb.) from the center of the package. The number 
of packages sampled in any given lot of cement will depend upon 
the character of the work, and varies from every package to 1 in 5 
or 1 in 10. When the cement is brought in barrels the sample is 
obtained by boring with an auger either in the head or center of the 
barrel, drawing out a sample, then closing the hole with a piece of 
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tin firmly tacked over it. For drawing out the sample a brass tube 
suflSciently long to reach the bottom of the barrel is used. This is 
thrust into the barrel, turned around, pulled out, and the core of 
cement knocked out into the sample-can, which is usually a tin box 
with a tightly fitting cover. 

Each sample should be labelled, stating the number of the sam- 
ple, the number of bags or barrels it represents, the brand of the 
cement, the purpose for which it is to be used, the date of delivery, 
and date of sampling. 

Form of Label. 



Sample No 

No, of Barrels 

Brand 

To be used 

Delivered Sampled. 

By 



The sample should be sent at once to the testing oflSce, and none 
of the cement should be used until the report of the tests is received. 

After the report of the tests is received the rejected packages 
should be conspicuously marked with a "C" and should be removed 
without delay; otherwise they are liable to be used. 

Color. The color of a cement indicates but little, since it is 
chiefly due to oxides of iron and manganese, which in no way affect 
the cementitious value; but for any given kind variations in shade 
may indicate differences in the character of the rock or in the degree 
of burning. The natural cements may have almost any color from 
the very light straw colored "Utica" through the brown "Louisville", 
to chocolate "Rosendale". The artificial Portlands are usually a 
grayish blue or green, but never chocolate colored. 

Weight. For any particular cement the weight varies with the 
degree of heat in burning, the degree of fineness in grinding, and the 
density of packing. The finer a cement is ground the more bulky 
it becomes, and consequently the less it weighs. Hence light weight 
may be caused by laudable fine grinding or by objectionable under- 
burning. Other things being the same, the harder-burned varieties 
are the heavier. 
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The weight per unit of volume is usually determined by sifting 
the cement into a measure as lightly as possible, and striking the top 
level with a straight edge. In careful work the height of fall should 
be recorded. Since the cement absorbs moisture, the sample must 
be taken from the interior of the package. The weight per cubic foot 
is neither exactly constant, nor can it be determined precisely. The 
approximate weight of cement per cubic foot is as follows: 

Portland, English and German 77 to 90 lb. 

" fine-ground French 69 " 

American 92 " 95 " 

Rosendale 49 " 56 " 

Roman 54 " 

A bushel contains 1.244 cubic feet. The weight of a bushel can 
be obtained sufficiently close by adding 25 per cent to the weight per 
cubic foot. 

Fineness. The cementing and economic value of a cement is 
affected by the degree of fineness to which it is ground. Coarse 
particles in a cement have no setting power and act as an adulterant. 

The fineness of a cement is determined by measuring the per- 
centage which will not pass through sieves of a certain number of 
meshes per square inch. Three sieves are generally used, viz.: 

No. 50, 2,500 meshes per square inch. 
No. 74, 5,476 " 
No. 100, 10,000 " 

Activity denotes the speed with which a cement begins to set. 
Cements differ widely in their rate and manner of setting. Some 
occupy but a few minutes in the operation, and others require several. 
Some begin setting immediately and take considerable time to com- 
plete the set, while others stand for a considerable time with no ap- 
parent action and then set very quickly. The point at which the set 
is supposed to begin is when the stiffening of the mass first becomes 
perceptible, and the end of the set is when cohesion extends through 
the mass sufficiently to offer such resistance to any change of form 
as to cause rupture before any deformation can take place. 

Test of Activity. To test the activitv mix the cement with 
25 to 30 per cent of its weight of clean water, having a temperature 
of between 65° F. and 70° F., to a stiff plastic mortar, and make one 
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or two cakes or pats 2 or 3 inches in diameter ami about ^ inch in 
thickness. As soon as the cakes are prepared, immerse in water at 
65° F., and note the time required for them to set hard enough to bear 
respectively a ^'j-inch wire loaded to weigh J pound, and a j'j-inch 
wire loaded to weigh 1 pound. ^\Tien the cement bears the light 
weight, it is said to have begun to set; when it bears the heavy weight, 
it is said to have entirely set. The apparatus employed for this test 
is shown in Fig. 1, and is called "Vicat's Needle apparatus". 



Pig. I. Vlcat'a Needle Apparatus. 

Quick and Slow Setting. The aluminous natural cements 
are commonly "quick-setting," though not always so, as those con- 
taining a considerable percentage of sulphuric acid may set quite 
slowly. The magnesian and Portland varieties may be either " quick " 
or "slow". Specimens of either variety may be had that will set at 
any rate, from the slowest to the most rapid, and no distinction can 
be drawn between the various clas,ses in this regard. 

Water containing sulphate of lime in solution retards the setting. 
This fact has been made use of in the adulteration of cement, pow- 
dered gypsum being mixed with it to make it slow-setting, greatly to 
the injuiy of the material. . 
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The temperature of the water used aflPects tne time required for 
setting; the higher the temperature, within certain Umits, the more 
rapid the set. Many cements which require several hours to set when 
mixed with water at a temperature of 40° F. will set in a few minutes 
if the temperature of the water be increased to 80° F. Below a cer- 
tain inferior limit, ordinarily from 30° to 40° F., the cement will not 
set, while at a certain upper limit, in many cements between 100° and 
140° F., a change is suddenly made from a very rapid to a very slow 
rate, which then continually decreases as the temperature increases, 
until practically the cement will not set. 

The quick-setting cements usually set so that experimental sam- 
ples can be handled within 5 to 30 minutes after mixing. The slow- 
setting cements require from 1 to 8 hours. Freshly ground cements 
set quicker than older ones. 

Soundness denotes the property of not expanding or contracting 
or cracking or checking in setting. These effects may be due to free 
lime, free magnesia, or to unknown causes. Testing soundness is, 
therefore, determining whether the cement contains any active im- 
purity. An inert adulteration or impurity affects only its economic 
value; but an active impurity affects also its strength and durability. 

For the purpose of determining the amount of contraction or 
expansion the "Bauschinger" apparatus. Fig. 2, is used. A mould 
is used in which the test bars of cement are formed. 

Tests of Soundness. The soundness of a cement may be 
determined by cold tests, so-called, the cement being at ordinary 
temperature; or by accelerated or hot tests. 

To make the cold tests, prepare small cakes or pats of neat 
cement, 3 or 4 inches in diameter and about one-half inch tliick 
at the center, tapering to a thin edge. Place the samples upon a piece 
of glass and cover with a damp cloth for a period of 24 hours and then 
immerse glass and all in water for a period of 28 days if possible, 
keeping watch from day to day to see if the samples show any cracks 
or signs of distortion. 

The first indication of inferior quality is the loosening of the pat 
from the glass, which usually takes place in one or two days. Good 
cement will remain firmly attached to the glass for two weeks at least. 

Tlie ordinarj^ tests, extending over a proper interv-al, often fail 
to detect unsoundness, and circumstances may render the ordinary 
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hie from lack of time. Under such circumstances resort 
must be had to accelerated tests, which may be made in several ways. 
Warm- Water Test. Prepare the sample as before, and after 
allowing it to set, immerse in water maintained at a temperature of 
from 100° to 115° F. If the specimen remains firmly attached .to the 
glass and shows no cracks, it is probably sound. 



Fig. 3. DniischiiiEcr'a Apparatus. 

The hot-water test is similar to the last, but the water is main- 
tained at a temperature of from 195° to 200° F. 

The boiling test consists in immersing the specimen in cold water 
immediately after mixing and gradually raising the temperature of 
the water to the boiling point, continuing the boiling for three hours. 

For an emergency test, the specimen may be prepared as before, 
and after .setting may be held under a steam cock of a boiler and live 
steam discharged upon it. 

The results of accelerated tests must not be accepted too literally, 
but should be interpreted in the light of judgment and experience. 
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The cracking or contortion of the specimen (sometimes called 
"blowing"), is due to the hydration and consequent expansion of the 
lime or magnesia. If the effect is due to lime, the cement can be im- 
proved by ex{X)siire to the air, thus allowing the free lime to slake. 
This treatment is called "cooling the cement". The presence of 
uncombine<l magnesia is more harmful than that of lime. 

Some idea of the quality of a cement may be gained by exposing 
to the air a small cake of neat cement mortar and observing its color. 
" A good Portland cement should be uniform blubh gray throughout, 
yellowish blotches indicate poor cement". 

Tests of soundness should not only be carefully conducted, but 
should extend over considerable time. Occasionally cement is found 
which seems to meet the usual tests for soundness, strength, etc., and 
yet after considerable time loses all coherence and falls to pieces. 

Strens^h. The strength is usually determined by submitting 
a specimen of known cross-section (generally one square inch) to a 
tensile strain. The reason for adopting a tensile test is that since 
even the weakest cement cannot be crushed, in ordinary practice, 
by direct compression, and since cement is not used in places where 
cross strain is brought to bear upon it, torsion being out of the ques- 
tion, the only valuable results can be derived from tests for tensile 
strength. In case of a cracking wall the strain is that of tension due 
to the difference of the direction of the strain caused by the sinking 
of one part of the wall. 

In comparing different brands of cement great care must be 
exercised to see that the same kind and quality of sand is used in 
each case, as difference in the sand will cause difference in the results. 
To obviate this a standard sand is generally used. This consists of 
crushed quartz of such a degree of fineness that it wdll all pass a No. 
20 sieve (400 meshes to the square inch; wire No. 28 Stubbs' gauge) 
and be caught on a No. 30 sieve (900 meshes to the square inch; wire 
No. 31 Stubbs' gauge). 

Valuable and probably as reliable comparative tests can be made 
with the sand which is to be used for making the mortar in the pro- 
posed work. Specimens of neat cement are also used for testing, 
they can be handled sooner and will show less variation than speci- 
mens compased of cement and sand. 
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The cement is prepared for testing by being formed into a stiff 
paste by the addition of just suflScient water for this purpose. When 
sand is to be added, the exact proportions should be carefully deter- 
mined by weight and thoroughly and intimately mixed with the cement 
in a dry state before the water is added; and, so far as possible, all 
the water that is necessary to produce the desired consistency should 
be added at once and thereafter the manipulation with the spatula 
or trowel should be rapid and thorough. The mortar so obtained 
is filled into a mould of the form and dimensions shown in Fig. 3. 
These moulds are usually of iron or brass. Wooden moulds, if 
well oiled to prevent their absorbing water, answer the purpose well 
for temporary use, but speedily become unfit for accurate work. In 
filling the mould care must be exercised to complete the filling before 
incipient setting begins. 

The moulds while being 
charged and manipulated, 
should be laid on glass, slate, 
or some other non-absorbent 
material. The specimen, now 
called the " briquette ", should 
be removed from the mould 
as soon as it is hard enough 
to stand it, without breaking. 
The briquettes are then im- 
mersed in water, where they should remain constantly covered until 
tested. If they are exposed to the air, the water may be carried 
away by evaporation and leave the mortar a pulverant mass. Also, 
since the mortar does not ordinarily set as rapidly under water as 
in the air (owing to the difference in temperature), it is necessary for 
accurate work to note the time of immersion, and also to break the 
briquette as soon as it is taken from the water. Cement ordinarily 
attains a greater strength when allowed to set under water, but attains 
it more slowly. 

Age of Briquette for Testing. It is customary to break part 
of the briquettes at the end of seven days, and the remainder at 
the end of twenty-eight days. As it is sometimes impracticable to 
wait twenty-eight days, tests are often made at the end of one and 
seven days, respectively. The ultimate strength of the cement is 




Fig. 8. Briquette Mould. 
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judged by the increase in strength between the two dates. A mini- 
mum strength for the two dates is usually specified. 

Testing the Briquettes. \Mien taken out of the water the 
briquettes are subjected to a tensile strain until rupture takes place in 
a suitably devised machine. There are several machines on the mar- 
ket for this purpose. Fig. 4 represents one which is extensively used. 

To make a test, hang the cup F on the end of the beam D, as 
shown in the illustration. See tliat the poise A is at the zero mark, 



Fig. 1. Cement TosUng Macbine. 
and balance the beam by turning the ball L. Fill the hopper B with 
fine shot, place the specimen in the clamps A'' N, and adjust the 
hand wheel P so that the graduated beam D will rise nearly to the 
stop K. 

Open the automatic valve J so as to allow the shot to run slowly 
into the cup F. Stand back and leave the machine to make the test. 

When the specimen breaks, the graduated beam D drops and 
closes the valve J, remove the cup with the shot in it, and hang the 
counterpoise weight G in its place. 
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Hang the cup F on the hook under the lai^ ball E, and proceed 
to weigh the shot in the regular way, using the poise R on the gradu- 
ated beam 2), and the weights H on the counterpoise weight G. 
The result will show the number of pounds required to break the 
specimen. - 

TABLE 5. 
Tensile Strens^ of Cement Mortar. 



Age of mortar when tested. 



Average tensile strength in pounds 
per square Inch. 



Portland. 



Clear Cement. 

One hour, or until set, in air, the 

remainder of the time in water: 

1 day 

One day in air, the remainder of 
the time in water: 

1 week 

4 weeks 

1 year 

1 Part Cement to 1 Part Sand. 
One day in air, the remainder of 
the time in water: 

1 week 

4 weeks 

1 year 

1 Part Cement to 3 Parts Sand. 

One day in air, the remainder of 

the time in water: 

1 week 

4 weeks 

1 year 



Min. 



100 



250 
350 
450 



80 
100 
200 



Max. 



140 



550 
700 
800 



Rosendale. 



125 
200 
350 



Min. 



40 



60 
100 
300 



30 

50 

200 



Max. 



80 



100 
150 
400 



50 

80 

300 



CEnENTS— HEnORANDA. 

Cement is shipped in barrels or in cotton or paper bags. 
The usval dimensions of a barrel are: length 2 ft. 4 in., middle 
diameter 1 ft. 4i in., end diameter 1 ft. 3J in. 
The bags hold 50, 100, or 200 pounds. 
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A barrel weighs about as follows: 

Rosendale, N. Y 300 lb. net 

Rosendale, Western 265 

Portland 376 

A barrel of Rosendale cement contains about 3.40 cubic feet 
and will make from 3.70 to 3.75 cubic feet of stiff paste, or 79 to 
83 pounds will make about one cubic foot of paste. A barrel of 
Rosendale cement (300 lb.) and two barrels of sand (7 J cubic feet) 
mixed with about half a barrel of water will make about 8 cubic feet 
of mortar, sufficient for 

192 square feet of mortar-joint ^ inch thick. 

3S4 '* " " " J " " 

768 " " " " i " 

A barrel of Portland cement contains •\bout 3.25 to 3.35 cubic 
feet — 100 pounds will make about one cubic foot of stiff paste. 

A barrel of cement measured loosely increases considerably in 
bulk. The following results were obtained by measuring in quan- 
tities of two cubic feet: 

1 bbl. Norton's Rosendale gave 4.37 cu. ft. 

" Anchor Portland gave 3.65 " 

" Sphinx Portland gave 3.71 " 

" Buckeye Portland gave 4 . 25 " 

Preservation of Cements. Cements require to be stored in 
a dry place protected from the weather; the packages should 
not be placed directly on the ground, but on boards raised a few 
inches from it. If necessary to stack it out of doors a platform of 
planks should first be made and the pile covered with canvas. Port- 
land cement exposed to the atmosphere will absorb moisture until 
it is practically ruined. The absorption of moisture by the natural 
cements will cause the development of carbonate of lime, which will 
interfere with the subsequent hydration. 

niSCELLANEOUS CEnENTS. 

Slag Cements are those formed by an admixture of slaked lime 
with ground blast-furnace slag. The slag used has approximately 
the composition of an hydraulic cement, being composed mainly of 
silica and alumina, and lacking a proper proportion of lime to render 
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it active as a cement. In preparing the cement the slag upon coming 
from the furnace is plunged into water and reduced to a spongy form 
from which it may be readily ground. This is dried and ground to a 
fine powder. The powdered slag and slaked lime are then mixed 
in proper proportions and ground together, so as to very thoroughly 
distribute them through the mixture. It is of the first importance 
in a slag cement that the slag be very finely ground, and that the 
ingredients be very uniformly and intimately incorporated. 

Both the composition and methods of manufacture of slag 
cements vary considerably in different places. They usually con- 
tain a higher percentage of alumina than Portland cements, and 
the materials are in a different state of combination, as, being mixed 
after the burning, the silicates and aluminates of lime formed during 
the burning of Portland cement cannot exist in slag cement. 

The tests for slag cement are that briquettes made of one part 
of cement and three parts of sand by weight shall stand a tensile 
strain of 140 pounds per square inch (one day in air and six in water), 
and must show continually increasing strength after seven days, one 
month, etc. At least 90 per cent must pass a sieve containing 40,000 
meshes to the square inch, and must stand the boiling test. 

Pozzuolanas are cements made by a mixture of volcanic ashes 
with lime, although the name is sometimes applied to mixed cements 
in general. The use of pozzuolana in Europe dates back to the 
time of the Romans. 

Roman Cement is a natural cement manufactured from the 
septaria nodules of the London Clay formation; it is quick-setting, 
but deteriorates with age and exposure to the air. 

nORTAR. 

Ordinary riortar is composed of lime and sand mixed into 
a paste with water. When cement is substituted for the lime, the 
mixture is called cement mortar. 

Uses. The use of mortar in masonry is to bind together the 
bricks or stones, to afford a bed which prevents their inequalities 
from bearing upon one another and thus to cause an equal distribu- 
tion of pressure over the bed. It also fills up the spaces between 
the bricks or stones and renders the wall weather tight. It is also 
U5ed in concrete as a matrix for broken stones or other bodies to be 
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amalgamated into one solid mass; and for plastering and other 
purposes. 

The quality of mortar dejx*nds upon the character of the materials 
used in its manufacture, their treatment, proportions, and method 

of mixing. 

Proportions. The proportion of cement to sand depends upon 

the nature of the work and the necessity for the development of 

strength or imperviousness. The relative quantities of sand and 

cement should also depend upon the nature of the sand; fine sand 

requires more cement than coarse. Usual proportions are: 

Lime mortar, 1 part or lime to 4 parts of sand. 

Natural cement mortar, 1 part cement to 2 or 3 parts of sand. 

Portland cement mortar, 1 part cement to 2, 3, or 4 parts of sand, 
according to the character of the work. 

Sand for flortar. The sand used mitst be clean, that is, free 
from clay, loam, mud, or organic matter; sharp, that is, the grains 
must be angular and not rounded as those from the beds of rivers 
and the seashore; coarse, that is, it must be large-grained, but not 
too uniform in size. 

The best sand is that in which the grains are of different sizes; 
the more uneven the sizes the smaller will be the amount of voids, 
and hence the less cement required. 

The cleanness of sand may be tested by rubbing a little of the 
dry sand in the palm of the hand, and after throwing it out noticing 
the amount of dust left on the hand. The cleanness may also be 
judged by pressing the sand between the fingers while it is damp; 
if the sand is clean it will not stick together, but will immediately 
fall apart when the pressure is removed. 

The sharpness of sand can be determined approximately by 
rubbing a few grains in the hand or by crushing it near the ear and 
noting if a grating sound is produced; but an examination through 
a small lens is better. 

To determine the presence of Salt and Clay. Shake up a small 
portion of the sand with pure distilled water in a perfectly clean 
stoppered bottle, and allow the sand to settle; add a few drops of 
pure nitric acid and then add a few drops of solution of nitrate of 
silver. A white precipitate indicates a tolerable amount of salt; a 
fa,int cloudiness may be disregarded. 
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The presence of clay may be ascertained by agitating a small 
quantity of the sand in a glass of clear water and allowing it to stand 
for a few hours to settle; the sand and clay will separate into two 
well-defined layers. 

Screening. Sand is prepared for use by screening to remove 
the pebbles and coarser grains. The fineness of the meshes of the 
screen depends upon the kind of work in which the sand is to be used. 

Washing. Sand containing loam or earthy matters is cleansed 
by washing with water, either in a machine specially designed for the 
purpose and called a sand-washer, or by agitating with water in tubs 
or boxes provided with holes to permit the dirty water to flow away. 

Water for flortar. The water employed for mortar should 
be fresh and clean, free from mud and vegetable matter. Salt water 
may be used, but with some natural cements it may retard the setting, 
the chloride and sulphate of magnesia being the principal retarding 
elements. Less searwater than fresh will be required to produce a 
given consistency. 

Quantity. The quantity of water to be used in mixing mortar 
can be determined only by experiment in each case. It depends 
upon the nature of the cement, upon that of the sand and of the water, 
and upon the proportions of sand to cement, and upon the purpose 
for which the mortar is to be used. 

Fine sand requires more water than coarse to give the same con- 
sistency. Dry sand will take more water than that which is moist, 
and sand composed of porous material more than that which is hard. 
As the proportion of sand to cement is increased the proportion of 
water to cement should also incfease, but in a much less ratio. 

The amount of water to be used is such that the mortar when 
thoroughly mixed shall have a plastic consistency suitable for the 
purpose for which it is to be used. 

The addition of water, little by little, or from a hose, should 
not be allowed. 

Cement flortar. In mixing cement mortar the cement and 
sand are first thoroughly mixed dry, the water then added, and the 
whole worked to a uniformly plastic condition. 

The quality of the mortar depends largely upon the thoroughness 
of the mixing, the great object of which is to so thoroughly incorporate 
the ingredients that no two grains of sand shall lie together without 
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an intervening layer or film of cement. To accomplish this the 
cement must be unifonnly distributed through the sand during the 
dry mixing. 

The mixers usually fail to thoroughly intermix the dry cement 
and sand, and to lighten the labor of the wet mixing they will give 
an overdose of water. 

Packed cement when measured loose increases in volume to 
such an extent that a nominal 1 to 3 mortar is easily changed to an 
actual 1 to 4. The specifications should prescribe the manner in 
which the materials are to be measured, i.e., packed or loose. 

The quantity of sand will also vary according to whether it is 
measured in a wet or dry condition, packed or loose. On work of 
suflScient importance to justify some sacrifice of convenience the 
sand and cement should be proportioned by weight instead of by 
volume. 

In mixing by hand a platform or box should be used; the sand 
and cement should be spread in layers with a layer of sand at the 
bottom, then turned and mixed with shovels until a thorough incor- 
poration is effected. The dry mixture should then be spread out, 
a bowl-like depression formed in the center and all the water required 
poured into it. The dry material from the outside of the basin should 
be thrown in until the water is taken up and then worked into a 
plastic condition, or the dry mixture may be shovelled to one end of 
the box and the water poured into the other end. The mixture of 
sand and cement is then drawn down with a hoe, small quantities 
at a time, and mixed with the water until enough has been added 
to make a good stiff mortar. 

In order to secure proper manipulation of the materials on the 
part of the workmen it is usual to require that the whole mass shall 
be turned over a certain number of times with the shovels, both dry 
and wet. 

The mixing wet with the shovels must be performed quickly 
and energetically. The paste thus made should be vigorously worked 
with a hoe for several minutes to insure an even mixture. The 
mortar should then leave the hoe clean when drawn out of it, and 
very little should stick to the steel. 

A large quantity of cement and sand should not be mixed dry 
and left to stand a considerable time before using, as the moisture 
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in the sand will to some extent act upon the cement, causing a partial 
setting. 

Upon large works mechanical mixers are frequently employed 
with the advantage of at once lessening the labor of manipulating 
the material and insuring good work. 

Retempering riortar. Masons very frequently mix mortar in 
considerable quantities, and if the mass becomes stiffened before 
being used, by the setting of the cement, add water and work it again 
to a soft or plastic condition. After this second tempering the cement 
is much less active than at first, and will remain for a longer time in 
a workable condition. 

This practice is condemned by engineers, and is not usually 
allowed in good engineering construction. Only sufficient quantity 
of mortar should be mixed at once as may be used before the cement 
takes the initial set. Reject all mortar that has set before being 
placed in the work. 

Freezing of Hortar. It does not appear that common lime 
rnortar is seriously injured by freezing, provided it remains frozen 
until it has fully set. The freezing retards, but does not entirely 
suspend the setting. Alternate freezing and thawing materially 
damages the strength and adhesion of lime mortar. 

Although the strength of the mortar is not decreased by freezing, 
it is not always permissible to lay masonry during freezing weather; 
for example, if, in a thin wall, the mortar freezes before setting and 
afterwards thaws on one side only, the wall may settle injuriously. 

Mortar composed of one part Portland cement and three parts 
sand is entirely uninjured by freezing and thawing. 

Mortar made of cements of the Rosendale type, in any propor- 
tion, is entirely ruined by freezing and thawing. 

Mortar made of overclayed cement (which condition is indicated 
by its quicker setting), of either the Portland or Rosendale type, 
will not withstand the action of frost as well as one containing less 
clay, for since the clay absorbs an excess of water, it gives an increased 
effect to the action of frost. 

In making cement mortar during freezing weather it is cus- 
tomary to add salt or brine to the water with which it is mixed. The 
ordinary rule is: Dissolve 1 pound of*salt in 18 gallons of water 
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when the temperature is at 32° F., and add 1 ounce of salt for each 
degree of lower temperature. 

The use of salt, and more especiady of sea-water, in mortar is 
objectionable in exposed walls, since the accompanying salts usually 
produce efflorescence. 

The practice of adding hot water to lime mortar during freezing 
weather is undesirable. WTien the very best results are sought the 
brick or stone should be warmed — enough to thaw off any ice upon 
the surface is sufficient — before being laid. They may be warmed 
either by laying them on a furnace, or by suspending them over a 
slow fire, or by wetting with hot water. 

TABLE 6. 

Amount of Cement and Sand Required for One Cubic Yard of 

riortar. 



Composition of mortar by 
volumes. 


Cement.* 
Number of barrels. 


Sand, 


Cement. 


Sand. 


Portland or 

Ulster County 

Kosendale. 


Western 
Rosendale. 


cubic yards. 


1 





7.14 


6.43 


0.00 


1 


1 


4.16 


3.74 


0.58 


1 


2 


2.85 


2.57 


0.80 


1 


3 


2.00 


1.80 


0.90 


1 


4 


1.70 


1.53 


0.95 


1 


5 


1.25 


1.13 


0.97 


1 


6 


1.18 

• 


1.06 


0.98 






Cement. Number of Pounds.t 




1 





2675 


2140 


0.00 


1 


1 


1440 


1150 


0.67 


1 


2 


900 


720 


0.84 


1 


3 


675 


540 


0.94 


1 


4 


525 


420 


0.98 


1 


5 


425 


340 


0.99 


1 


6 


355 


285 


1.00 



* Packed cement and loose sand. 
t Loose cement and loose sand. 
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CONCRETE. 

Concrete is a species of artificial stone composed of (1) the 
matrix, which may be either lime or cement mortar, usually the latter, 
and (2) the aggregate, which may be any hard material, as gravel, 
shingle, broken stone, shells, brick, slag, etc. 

The aggregate should be of different sizes, so that the smaller 
shall fit into the voids between the larger. This requires less mortar 
and with good aggregate gives a stronger concrete. Broken stone 
is the most common aggregate. 

Gravel and shingle should be screened to remove the larger-sized 
pebbles, dirt, and vegetable matter, and should be washed if they 
contain silt or loam. The broken stone if mixed with dust or dirt 
must be washed before use. 

Strength of Concrete. The resistance of concrete to crush- 
ing ranges from about 600 to 1400 pounds per sq. in. It depends 
upon the kind and amount of cement and upon the kind, size, and 
strength of the aggregate. The transverse strength ranges between 
50 and 400 pounds. 

Weight of Concrete. A cubic yard weighs from 2,500 to 
3,000 pounds according to its composition. 

PROPORTIONS OF HATERIALS FOR CONCRETE. 

To manufacture one cubic yard of concrete the following quan- 
tities of materials are required : 

BrOKEN-STONE-AND-G RAVEL CONCRETE. 

Broken-stone 50% of its bulk voids 1 cubic yard 

Gravel to fill voids in the stone I 

Sand to fill voids in the gravel } 

Cement to fill voids in the sand | 

Broken-stone Concrete. 

Broken stone 50% of its bulk voids .... 1 cubic yard 

Sand to fill voids in the stone J 

Cement to fill voids in tlie sand \ 

Gravel Concrete. 

Gravel J of its bulk voids 1 cubic yard 

Sand to fill voids in the gravel J 

1 

6 



n << 

<( << 






H <t 



Cement to fill voids in the sand I " " 
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Concrete composed of 1 part Rosendale cement, 2 parts of sand, 
and 5 parts of broken stone requires: 

Broken stone 0.92 cubic yard 

Sand 0.37 " 

Cement 1 . 43 barrels 

The usual proportions of the materials in concrete are: 

Rosendale Cement Concrete. 

Rosendale cement 1 part 

Sand 2 parts 

Broken stone 3 to 4 " 

Portland Cement Concrete. 

Portland cement 1 part 

Sand 2 to 3 parts 

Broken stone or gravel 3 to 7 " 

To make 100 cubic feet of concrete of the proportions 1 to 6 will 
require 5 bbl. cement (original package) and 4.4 yards of stone and 
sand. 

nixingf Concrete. The concrete may be mixed by hand or 
machinery. In hand-mixing the cement and sand are mixed dry. 
About half the sand to be used in a batch of concrete is spread evenly 
oyer the mortar-board, then the dry cement is spread evenly over 
the sand, and then the remainder of the sand is spread on top of the 
cement. The sand and cement are then mixed with a hoe or by 
turning and re-turning with a shovel. It is very important that the 
sand and cement be thoroughly mixed. A basin is then formed by 
drawing the mixed sand and cement to the outer edges of the board, 
and the whole amount of water required is poured into it. The 
sand and cement are then thrown back upon the water and thoroughly 
mixed with the hoe or shovel into a stiff mortar and then levelled off. 
The broken stone or gravel should be sprinkled with sufficient water 
to remove all dust and thoroughly wet the entire surface. The 
amount of water required for this purpose will vary considerably 
with the absorbent power of the stone and the temperature of the air. 
The wet stone is then spread evenly over the top of the mortar and 
the whole mass thoroughly mixed by turning over with the shovel. 
Two, three, or more turnings may be necessary. It should be turned 
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until every stone is coated with mortar, and the entire mass presents 
the uniform color of the cement, and the mortar and stones are uni- 
formly distributed. When the aggregate consists of broken brick 
or other porous material it should be thoroughly wetted and time 
allowed for absorption previous to use; otherwise it will take away 
part of the water necessary to effect the setting of the cement. 

WTien the concrete is ready for use it should be quite coherent 
and capable of standing at a steep slope without the water running 
from it. 

The rules and the practice governing the mixing of concrete 
vary as widely as the proportion of the ingredients. It may be stated 
in general that if too much time is not consumed in mixing the wet 
materials a good result can be obtained by any of the many ways 
practised, if only the mixing is thorough. With four men the time 
required for mixing one cubic yard is about ten minutes. 

Whatever the method adopted for mixing the concrete, it is 
advisable for the inspector to be constantly present during the operar 
tion, as the temptation to economize on the cement and to add an 
excess of water to lighten the labor of mixing is very great. 

Laying Concrete. Concrete is usually deposited in layers, 
the thickness of which is generally stated in the specifications for 
the particular work (the thickness varies between 6 and 12 in.). The 
concrete must be carefully deposited in place. A very common 
practice is to tip it from a height of several feet into the trench. This 
process is objected to by the best authorities on the ground that the 
heavy and light portions separate while falling, and that the concrete 
is, therefore, not uniform throughout its mass. 

The best method is to wheel the concrete in barrows, imme- 
diately after mixing, to the place where it is to be laid, gently tipping 
or sliding it into position and at once ramming it. 

The ramming should be done before the cement begins to set, 
and should be continued until the water begins to ooze out upon 
the upper surface. When tliis occurs it indicates a sufficient degree 
of compactness. A gelatinous or quicksand condition of the mass 
indicates that too much water was used in mixing. Too severe or 
long-continued pounding injures the strength by forcing the stones 
to the bottom of the layers and by distributing the incipient "set" 
of the cement. 
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The rammers need not be very heavy, 10 to 15 lb. will be suffi- 
cient. Square ones should measure from 6 to 8 in. on a side and 
round ones from 8 to 12 in. in diameter. 

After each layer has been rammed it should be allowed sufficient 
time to "set", without walking on it or in other ways disturbing it. 
If successive layers are to be laid the surface of the one already set 
should be swept clean, wetted, and made rough by means of a pick 
for the reception of the next layer. 

Great care should be observed in joining the work of one day 
to that of the next. The last layer should be thoroughly compacted 
and left with a slight excess of mortar. It should be finished with 
a level surface, and when partially set should be scratched with a 
pointed stick and covered with planks, canvas, or straw. In the 
morning, immediately before the application of the next layer, the 
surface should be swept clean, moistened with water, and painted 
with a wash of neat cement mixed with water to the consistency of 
cream. This should be put on in excess and brushed thoroughly 
back and forth upon the surface so as to insure a close contact 
therewith. 

Depositing^ Concrete Under Water. In laying concrete under 
water an essential ' requisite is that the materials shall not fall 
from any height through the water, but be deposited in the allotted 
place in a compact mass; otherwise the cement will be separated 
from the other ingredients and the strength of the work be seriously 
impaired. If the concrete is allowed to fall through the water its 
ingredients will be deposited in a series, the heaviest — ^the stone — at 
the bottom, and the Ugh test — the cement — at the top. A fall of even 
one foot causes an appreciable separation. 

A common method of depositing concrete under water is to 
place it in a V-shaped box of wood or plate iron, which is lowered 
to the bottom with a crane. The box is so constructed that on reach- 
ing the bottom a latch operated by a rope reaching to the surface 
can be drawn out, thus permitting one of the sloping sides to swing 
open and allow the concrete to fall out. The box is then raised 
and refilled. 

A long box or tube, called a iremie, is also used. It consists 
of a tube open at top and bottom built in detachable sections, so 
that the length may be adjusted to the depth of water. The tube 
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is suspended from a crane or movable frame running on a track, by 
which it is moved about as the work progresses. The upper end is 
hopper-shaped, and is kept above the water; the lower end rests on 
the bottom. The tremie is filled in the beginning by placing the 
lower end in a box with a movable bottom, filling the tube, lowering 
all to the bottom, and then detaching the bottom of the box. The 
tube is kept full of concrete by more being thrown in at the top as 
the mass issues from the bottom. 

Concrete is also successfully deposited under water by enclosing 
it in paper bags and lowering or sliding them down a chute into 
place. The bags get wet and the pressure of the concrete soon bursts 
them, thus allowing the concrete to unite into a solid mass. Concrete 
is also sometimes deposited under water by enclosing it in open-cloth 
bags, the cement oozing through the meshes suflBciently to unite the 
whole into a single mass. 

Concrete should not be deposited in running water unless pro- 
tected by one or other of the above-described methods; otherwise 
the cement will be washed out. 

Concrete deposited under water should not be rammed, but if 
necessary may be levelled with a rake or other suitable tool imme- 
diately after being deposited. 

When concrete is deposited in water a pulpy, gelatinous fluid 
is washed from the cement and rises to the surface. This causes 
the water to assume a milky hue. The French engineers apply the 
term laiiance to this substance. It is more abundant in salt water 
than in fresh. The theory of its formation is that the immersed 
concrete gives up to the water, free caustic lime, which precipitates 
magnesia in a light and spongy form. This precipitate sets very 
slowly, and sometimes scarcely at all, and its interposition between 
the layers of concrete forms strata of separation. Tlie proportion 
of laitance is greatly diminished by using large immersion-boxes, 
or a tremie, or paper or cloth bags. 

Asphaltic Concrete is composed of asphaltic mortar and 
broken stone in the proportion of 5 parts of stone to 3 parts of mortar. 
The stone is heated to a temperature of about 250° F. and added to 
the hot mortar. The mixing is usually performed in a mechanical 
mixer. 
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The material is laid hot and rammed until the surface is smooth. 
Care is required that the materials are properly heated, that the 
place where it is to be laid is absolutely dry and that the ramming 
is done before it chills or becomes set. The rammers should be heated 
in a portable fire. 

CLAY PUDDLE. 

Clay puddle is a mass of clay and sand worked into a plastic 
condition with water. It is used for filling coffer-dams, for making 
embankments and reservoirs water-tight, and for protecting masonry 
against the penetration of water from behind. 

Quality of Clay. The clays best suited for puddle are opaque, 
and not crystallized, should exhibit a dull earthy fracture, exhale 
when breathed upon a peculiar faint odor termed "argillaceous," 
should be unctuous to the touch, free from gritty matter, and form 
a plastic paste with water. 

The important properties of clay for making good puddle are 
its tenacity or cohesion and its power of retaining water. The tenac- 
ity of a clay may be tested by working up a small quantity with water 
into a thoroughly plastic condition, and forming it by hand into a 
roll about 1 to IJ inches in diameter by 10 or 12 inches in length. 
If such a roll is sufficiently cohesive not to break on being suspended 
by one end while wet the tenacity of the material is ample. 

To test its powxr of retaining water one to two cubic yards 
should be worked with water to a compact homogeneous plastic 
condition, and then a hollow should be formed in the center of the 
mass capable of holding four or five gallons of water. After filling 
the hollow with water it should be covered over to prevent evaporation 
and left for about 24 hours, when Its capability of holding water will 
be indicated by the presence or absence of water in the hollow. 

The clay should be freed from large stones and vegetable matter, 
and just sufficient sand and water added to make a homogeneous 
mass.' If there is too little sand the puddle will crack by shrinkage 
in drying, and if too much it will be permeable. 

Puddling^. The operation of puddling consists in chopping 
the clay in layers of about 3 inches thick with spades, aided by the 
addition of sufficient water to reduce it to a pasty condition. After 
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each chop and before withdrawing the spade it should be given a 
lunging motion so as to permit the water to pass through. 

The spade should pass through the upper layer into the lower 
layer so as to cause the layers to bond together. 

The test for thorough puddling is that the spade will pass through 
the layer with ease, which it will not do if there are any dry hard 
lumps. 

Sometimes in place of spades, harrows are used, each layer of 
clay being thoroughly harrowed aided by water and then rolled with 
a grooved roller to compact it. 

The finished puddle should not be exposed to the drying action 
of the air, but should be covered with a layer of dry clay or sand. 

FOUNDATIONS. 

The foundation is the most critical part of a masonry structure. 
The failures of masonry work due to faulty workmanship or to an 
insufficient thickness of the walls are rare in comparison with those 
due to defective foundations. When it is necessary, as so frequently 
it is at the present day, to erect gigantic edifices — as high buildings 
or long-span bridges — on weak and treacherous soils, the highest 
constructive skill is required to supplement the weakness of the 
natural foundation by such artificial preparations as will enable it 
to sustain the load with safety. 

Natural Poundations. The soils comprised under this head 
may be divided into two classes. (1) Those whose stability is not 
affected by water, and which are firm enough to support the structure, 
such as rock, compact gravels, and hard clay, and (2) soils which are 
firm enough to support the weight of the structure, but whose stability 
is affected by water, such as loose gravels, sand, clay and loam. 

Poundations on Rock. To prepare a rock foundation, all 
that is generally necessary is to cut away the loose and decayed por- 
tions and to dress the surface so exposed to a plane as nearly perpen- 
dicular to the direction of the pressure as practicable; or, if the rock 
forms an inclined plane, to cut a series of plane surfaces, like those 
of steps, for the walls to rest upon. If there are any fissures in the 
rock they should be filled with concrete. 

Poundations on Qravel» Etc. In dealing with soils of this 
kind usually nothing more is required than to cover them with a 
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layer of concrete of width and depth sufficient to distribute the weight 
property. 

Foundations on Sand. Sand is ahnost incompressible so long 
as it is not allowed to spread out laterally, but as it has no cohesion, 
and acts like a fluid when exposed to running water, it must be treated 
with great caution. 

Foundations on Clay. Clay is much affected by the action 
of water, and hence the ground should be well drained before the 
work is begun, and the trenches so arranged that water does not 
remain in them. In general, the less a soil of this kind is exposed 
to the action of the air, and the sooner it is protected from exposure, 
the better for the work. The top of the footings must be carried 
below the frost line to prevent heaving, and for the same reason the 
outside face of the wall should be built with a slight batter and per- 
fectly smooth. The frost line attains a depth of six feet in some of 
the northern states. 

The bearing power of clay and loamy soils may be greatly in- 
creased: (1) By increasing the depth. (2) By drainage. This 

may be accomplished by a covei^ 
ing of gravel or sand, the thick- 
ness depending upon the plas- 
ticity of the soil, and by surround- 
ing the foundation walls with a 
tile drain as in Fig. 5. If springs 
are encountered the water may 
be excluded by sheet pilings, 
puddling or plugging the spring 
with concrete. (3) By consoli- 
dating the soil. This may be 
done by driving short piles close 
together, or by driving piles, then 
withdra\^ing them and filling the 
space immediately with damp sand well rammed. If the soil is very 
loose and wet, sand will not be effective, and concrete will be found 
more satisfactorv. 

Artificial Foundations. When the ground in its natural 
state is too soft to bear the weight of the proposed structure, recourse 
must l)e had to artificial means of support, and, in doing this, what- 




Fig. 5. Drainage of Foundation Walls. 
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ever mode of construction is adopted, the principle must always be 
that of extending the bearing surface as much as possible. 

Foundations on Mud, silt, marshy or compressible soils are 
generally formed in one of three ways: (1) By driving piles in which 
the footings are supported. (2) By spreading the footings either 
by layers of timber, steel beams, or concrete, or a combination of 
either. (3) By sinking caissons of iron or steel, excavating the soil 
from the interior, and filling with concrete. 

Foundations in Water are formed in several ways: (1) 
Wholly of piles. (2) Solid foundations laid upon the surface of 
the ground by means of cribs, caissons, or piles, and grillage. (3) 
Solid foundations laid below the surface, the ground being made dry 
by cofferdams or caissons. (4) WTiere the site is perfectly firm, 
and there is no danger of the work being undermined by scour, 
foundations are started on the surface, the inequahties being first 
removed by blasting or dredging. The simplest foundation of this 
class is called "Random" work or Pierre perdue. It is formed by 
throwing large masses of stone upon the site until the mass reaches 
the surface of the water, above which the work can be carried on in 
the usual manner. Large rectangular blocks of stone or concrete 
are also used, the bottom being first simply leveled and the blocks 
carefully lowered intg place. 

PILE FOUNDATIONS. 

Timber Piles are generally round, the diameter at the butt 
varying from 9 to 18 inches. They should be straight-grained and 
as free from knots as possible. The variety of timber is usually 
selected according to the character of the soil. Where the piles 
will be always under water and where the soil is soft, spruce and hem- 
locks are used. For firm soils the hard pines, fir, elm and beech are 
preferable. Where the piles will be alternately wet and dry, white 
or black oak and yellow pine are used. Piles exposed to tide water 
are generally driven with the bark on. It is customary to fix an iron 
hoop to the heads of piles to prevent their splitting, and also to have 
them shod with either cast- or wrought-iron shoes. 

Timber piles when partly above and partly under water, decay 
rapidly at the water line owing to the alternations of dryness and 
moisture. In tidal waters they are destroyed by the marine worm 
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called the "teredo navalis." To preserve timber in such situations 

several processes are in use. The one most extensively employed 

is known as "creosoting," which consists of injecting creosote or 
dead oil of coal tar into 
the pores of the timber. 
The frame of timbers 
placed on the top of the 
piles is called the grillage. 
The piles are sawed off 
square below low water, 
a timber called a cap b 
placed on the ends of 
the piles and fastened 
with drift bolts, and 
Tig- * Timber Pile FoundaUon. transverse timbers called 

strips are placed on the 

caps and drift-bolted to them. As many courses as necessary may be 

added, each at right angles to the one below it, the top courses being 

either laid close together to form a floor or else covered with heavy 

plank to receive the masonry. 

In some cases the grillage is omitted, a layer of concrete being 

used instead, with the heads of the piles embedded therein, as shown 

in Fig. 7. The name gril- 
lage is also applied to a ■ -^. -i* 

combination of steel beams 

and concrete. 

Iron and Steel Piles. 

Cast iron, wrought iron, 

and steel are employed for 

ordinari' bearing piles, sheet 

piles, and for cylinders. 

Iron cylinders are usually 

sunk either by dredging the 

soil from the inside or by 

the oneumatic process. Pig.7. Timber puea,Conorat« Capping, ud 

r _ t\ I-Be&m OrUlage. 

Cast-iron piles are used 

as substitutes for wooden ones. Lugs or flanges are usually cast on 

the sides of the piles, to which bracing may be attached for securing 
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them in position. A wooden block is laid on top of the pile to 
receive the blows of the hammer, and after being driven a cap with 
a socket in its lower side is placed upon the pile to recei\e the load. 
Solid rolled-steel piles are driven in the same manner as timber 
piles, either with a hammer, machine or water-jet. 

Screw Piles are piles which are screwed into 
the stratum in which they are to stand. They 
are ordinary piles of timber or iron (the latter 
usually hollow), to the bottom of which a screw 
disk, consisting of a single turn of the spiral, similar 
to the bottom turn of an auger, is fastened by 
bolts or pins. Instead of driving these piles into 
the ground they are forced in by turning with 
levers or machinery suitable for the purpose. 
The screw disks vary in diameter from 1 to 6 
feet. The water jet is sometimes employed by 
applying it to the under, upper, or both sides of 
the dbk for the purpose of reducing the resistance. 

Concrete Piles. Two methods of forming 
these piles are in use. (1) The piles are made 
in moulds and carried to the place of use and 
driven in the same manner as timber piles. (2) 
Holes are made tn the ground and Slled with 
concrete. 

Moulded Concrets Piles. Fig. 8 shows the 
moulded pile. This pile is made in moulds and 
contains four vertical rods a at the comers, the 
rods are stayed by loops or hooks b of large wire 
sprung mto place across the sides of the pile and 
held transverstly by horizontal strips of thin 
metal. The feet of the piles are either wedge 
shaped or pyTamidal and are protected by cast- FMt- »■ Moulded con- 
iron points with side plates which turn in at c to 
lock with the concrete. The upper ends of the piles are shouldered in 
to give clearance for the driving cap d. This is a cast steel hood 
which fits loosely around the neck of the pile, and is filled with dry 
sand or a bag of sawdust d' retained by a clay ring and hemp jacket 
e at the bottom of the cap. 
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The sand absorbs the impact of the hammer so as to permit 
the piles to be driven safely, and it raises the hood sufficiently above 
the top of the pile to permit the reinforcement rods to extend beyond 
the concrete for connection with the superstructure. 

Concrete Piles Formed in Place. Fig. 9 shows this type 
of pile. The hole b made by driving with an ordinary pile-driving 
apparatus, a sheet sfeel tube tapering from 20 inches 
at the top to 6 inches at 
the bottom, the tube is 
driven by means of a col- 
lapsible core which is with- 
drawn. When the desired 
depth is reached, the tube 
is then filled with concrete. 
Fig, 10 shows another 
method of forming this type 
of pile. A sheet steel shell 
is formed by telescopic sec- 
tions, each section is S ft. 
long and has at its upper 
end projections which en- 
gage with projections on 
the lower end of the next 
section. To the bottom sec- 
tion is attached a cast iron 
point with a l-m. jet hole 

Flg-B. CouureU: Pile. Or nozzle, tO which is fitted Fig. 10. Con- 

a 2'-in. pipe, this pipe is 
held in place by spreaders and remains in place in the finisheti pile, 
to which it adds lateral strength. The shell is sunk by water jet and 
filled with concrete. 

PILE-DRIVING. 

Timber piles are driven either point or butt end down; the latter 
is considered the better method. When piles are directed to be 
sharpened the points should have a length of from one and a half 
times to twice the diameter. 

To prevent the head of the pile from being broomed or split 
by the blows of the driving-ram it is bound with a wrought-iron 
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hoop, 2 to 3 inches wide and i to 1 inch thick. Instead of the wrought- 
iron band a cast-iron cap is sometimes used. It consists of a block 
with a tapering recess above and below, the chamfered head of the 
pile fitting into the one below, and a cushion piece of hard wood upon 
which the hammer falls fitting into the one above. 

When brooming occurs the broomed part should be cut oflf, 
because a broomed head cushions the blow and dissipates it without 
any useful effect. Piles that split or broom excessively or are other- 
wise injured during the driving must be drawn out. 

Bouncing of the hammer occurs when the pile refuses to drive 
further, or it may be caused by the hammer being too light, or its 
striking velocity being too great, or both. The remedy for bouncing 
is to diminish the fall. 

Excessive hammering on piles which refuse to move should be 
avoided, as they are liable to be crippled, split, or broken below the 
ground. Such injury will pass unnoticed and may be the cause of 
future failure. 

As a general rule, a heavy hammer with a low fall drives more 
satisfactorily than a light one with a high fall. More blows can be 
made in the same time with a low fall, and this gives less time for 
the soil to compact itself around the piles between the blows. At 
times a pile may resist the hammer after sinking some distance, but 
start again after a short rest; or it may refuse a heavy hammer and 
start under a light one. It may drive slowly at first, and more 
rapidly afterwards, from causes difficult to discover. 

The driving of a pile sometimes causes adjacent ones previously 
driven to spring upwards several feet. The driving of piles in soft 
ground or mud will generally cause adjacent ones previously driven 
to lean outwards unless means of prevention be taken. 

A pile may rest upon rock and yet be very weak, for if driven 
through very soft soil all the pressure is borne by the sharp point, and 
the pile becomes merely a column in a worse condition than a pillar 
with one rounded end. In such soils the piles need very little sharp- 
ening; indeed, they had better be driven butt end down without any 
point. Solid metal piles are usually of uniform diameter and are 
driven with either blunt or sharpened points. 

Piles are driven by machines called pile drivers. A pile driver 
consists essentially of two upright guides or leads, often of great 
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height, erected upon a platform, or on a barge when used in water. 
These guides serve to hold the pile vertical while being driven, and 
also hold and guide the hammer used in driving. This is a block 
of iron called a ram, monkey, or hammer, weighing anywhere from 
800 to 4,000 pounds, usually about 2,000 to 3,000 pounds. The 
accessories are a hoisting engine for raising the hammer and the 
devices for allowing it to drop freely on the heads of the piles. 

The steam hammer is also employed for driving piles, and has 
certain advantages over the ordinary form, the cliief of which lies 
in the great rapidity with ^hich the blows follow one another, allow- 
ing no time for the disturbed earth, sand, etc., to recompact itself 
around the sides and under the foot of the pile. It is less liable than 
other methods to split and broom the piles, so that these may be of 
softer and cheaper wood, and the piles are not so liable to "dodge" 
or get out of line. 

\Mien piles have to be driven below the end of the leaders of 
the pile driver a follower is used. This is made from a pile of suita- 
ble length placed on top of the pile to be driven. To prevent its 
bouncing off caps of cast iron are used, one end being bolted to the 
follower and the other end fitting over the head of the pile. 

Piles are also driven by the "water jet." This process consists 
of an iron pipe fastened by staples to the side of the pile, its lower end 
placed near the point of the pile and its upper end connected by a 
hose to a force pump. The pile can be sunk through almost any 
material, except hardpan and rock, by forcing water through the 
pipe. It seems to make very little difference, either in the rapidity 
of sinking or in the accuracy with which the pile preserves its position, 
whether the nozzle is exactly under the middle of the pile or not. 

The efficiency of the jet depends upon the increased fluidity 
given the material into which the piles are sunk, the actual displace- 
ment of material being small. Hence the efficiency of the jet is 
greatest in clear sand, mud, or soft clay. In gravel or in sand con- 
taining a large percentage of gravel, or in hard clay the jet is almost 
useless. For these reasons the engine, pump, hose, and nozzle 
should be arranged to deliver large quantities of water with a moder- 
ate force rather than smaller quantities with high initial velocity. 
In gravel, or in sand containing gravel, some benefit might result from 
a velocity sufficient to displace the pebbles and drive them from the 
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vicinity of the pile. The error most frequently made in the applica- 
tion of the water jet is in using pumps with insufficient capacity. 

The approximate volume of water required per minute, per 
inch of average diameter of pile, for penetrations under 40 feet is 
16 gallons; for greater depths the increase in the volume of water 
is approximately at the rate of 4 gallons per inch of diameter of pile 
per minute, for each additional 10 feet of penetration. 

The number and size of pipes required for various depths are 
about as follows: 

TABLE 7. 



Depth of 
penetration, 

feet. 


Diameter of 
pipe, Inches. 


Nnmber of 
pipes. 


Diameter 

of nozzle, 

inches. 


20 
30 
40 
50 
60 


2 

2i 

2i 

2i 

2i 


1 
1 

2 
2 
2 


1 

U 

H 
1 

i 



When the descent of the pile becomes slow, or it sticks or "brings 
up" in some tenacious material, it can usually be started by striking 
a few blows with the pile-driving hammer, or by raising the pile about 
6 inches and allowing it to drop suddenly, with the jet in operation. 
By repeating the operation as rapidly as possible the obstruction will 
generally be overcome. 

It is an advantage to use an ordinary pile-driving machine for 
sinking piles with the water jet. The hammer being allowed to rest 
upon the head of the pile aids in accelerating the descent, and light 
blows can be struck as often as may appear necessary. The effi- 
ciency of the jet can also be greatly increased by bringing the weight 
of the pontoon upon which the machinery is placed to bear upon 
the pile by means of a block and tackle. 

Splicing Piles. It frequently happens in driving piles in 
swampy places, for false works, etc., that a single pile is not long 
enough, in which case two are spliced together. A common method 
of doing this is as follows. After the first pile is driven its head is 
cut off square, a hole 2 inches in diameter and 12 inches deep is 
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bored in its head, and an oak treenail or dowel-pin 23 inches long 
is driven into the hole; another pile similarly squared and bored is 
placed upon the lower pile, and the driving continued. Spliced in 
this way the pile is deficient in lateral stiffness, and the upper section 
is liable to Ijounce off while driving. It is better to reinforce the 
splice by flattening the sides of the piles and nailing on with, say, 8- 
inch spikes four or more pieces 2 or 3 inches thick, 4 or 5 inches wide, 
and 4 to 6 feet long. 

CONCRETE WITH STEEL BEAHS. 
The foundation is prepared by fir-st laying a bed of concrete 
to a depth of from 4 to 12 inches and then placing upon it a row of 



'. and Sl«el t-Beams. 



I-beams at right angles to the face of the wall. In the case of heavy 
piers, the beams may be crossed in two directions. Their distance 
apart, from center to center, may vary from 9 to 24 inches, according 
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to circumstances, i.e., length of their projection beyond the masoaiy, 
thickness of concrete, estimated pressure per square foot, etc. They 
should be placed far enough apart to permit the introduction of the 
concrete filling and its proper tamping. 

Hollow Cylinders of cast iron or plate steel, commonly called 
caissons, are frequently used with advantage. The cylinders are 
made in short lengths with internal flanges and are bolted together 
as each preceding length is lowered. They are sunk by excavating 
the natural soil from the interior. When the stratum on which they 
are to rest has been reached they are filled with concrete. 

Cofferdams. There are many cireumstances under which it 
becomes necessary to expose the bottom and have it dry before 
commencing operations. This is done by enclosing the site of the 
foundation with a water-tight wall. The great difficulties in the 
construction of a cofferdam in deep water are, first, to keep it water- 



Fig. 13. CoSerdam, 

tight, and, second, to support the sides against the pressure of the 
water outside. Fig. 12 shows the simplest form; it consists of two 
rows of piles driven closely and filled with clay puddle. In shallow 
water and on land sheet piling is sometimes sufficient. 

Sheet Piles are flat piles, usually of plank, either tongued and 
grooved or grooved only, into which a strip of tongue is driven; or 
they may be of squared timber, in which case they are called "close 
piles," or of sheet iron. The timber ones are of any breadth that 
can be procured, and from 2 to 10 inches tluck, and are shaped at 
the lower end to an edge wholly from one side; this point being 
placed next to the last pile driven tends to crowd them together and 
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make tighter joints (the an^e formed at the point should be 30°). 
In stony ground they are shod with iron. 

When a space is to be enclosed with sheet piling two rows of 
guide piles are first driven at regular intervals of from 6 to 10 feet, 
and to opposite sides of these near the top are notched or bolted a 
pair of parallel string pieces or " wales, " from 5 to 10 inches square, 
so fastened to the guide piles as to leave between the wales equal to the 
thickness of the sheet piles. 

If the sheeting is to stand more than 8 or lOfeet above the ground, 
a second pair of wales is required near the level of the ground. The 
sheet piles are driven between the wales, working from each end 
towards the middle of the space between a pair of guide piles, so that 
the last or central pile acts as a wedge to tighten the whole. 

Sheet piles are driven either by mauls wielded by men or by a 
pi1e-4iriving machine. Ordinary planks are also used for sheet 



Fig. 13. Sheet Piling. 

piling, being driven with a lap; such piling is designated as "single 
lap," "double lap," and "triple lap." The latter is also known as 
the "Wakefield" triple-lap sheet piling, shown in Kg. 13. 

Cribs are boxes constructed of round or square timber, divided 
by partitions of solid timber into square or rectangular cells. The 
cells are floored with planks, placed a little above the lower edge so 
as not to prevent the crib from st^ttUng slightly into the soil, and thus 
coming to a full bearing on the bottom. After it has been sunk the 
cells are filled with sand and ston^. On uneven rock bottom it may 
be neces.sarj' to scril)c the bottom of the crib to fit the rock. In some 
cases rip-rap is deposited outside around the crib to prevent under- 
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mining by the current. A crib wifli only an outside row of cells for 
sinking it is sometimes used, with an interior chamber in which con- 
crete is laid under water and the masonry started thereon. Cribs 
are sometimes sunk into plac: and then piles are driven in the cells, 
which are afterward filled with concrete or broken stone. The masonry 
may then rest on the piles only, 
which in turn will be protected by 
the crib. If the bottom is liable 
to scour, sheet piles or rip-rap 
may be placed outside around the 
base of the crib. Cribs with 
only an outer row of cells for 
puddling maybe used as a coffer- 
dam, the joints between the outer 
timbers being well calked, and 
care taken by means of outside 
pile planks to prevent wafer from 
entering beneath it. 

Caissons are of two forms, 
the "erect" or "open" and the 
"inverted." The former is a 
strong water-tight timber box, 
which is floated over the site of 
the work, and being kept in place 
by guide piles, is loaded with 
stone until it rests firmly on the 
ground. In some cases the stone 
is merely thrown in, the regular 
masonry commencing with the 
top of the caisson; which is sunk 
a little below the level of low 
water, so that the whole of the 
timber is always covered, and 
the caisson remains as part of the structure. In others, the ma- 
sonry is built on the bottom of the caisson, and when the work 
reaches the level of the water the sides of the caisson are removed. 
The site is prepared to receive the caisson by dredging and depositing 
a layer of concrete, or by driving piles, or a combination of both. 




Fig. 11. Building on FUe FoaudaCloa. 
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The inverted caisson is also a strong water-tight box, open at the 
bottom and closed at the top, upon which the structure is built, and 
which sinks as the masonry is added. This type of caisson is usually 
aided in sinking by excavation made in the interior. The processes 
employed to aid the sinking of the inverted caissons are called the 
"vacuum" and the "plenum." 

The vacuum process consists in exhausting the air from the 
interior of the caisson, and using the pressure of the atmosphere upon 
the top of it to force it down. Exhausting the air allows the water to 
flow past the lower edge into the interior, thus loosening the soil. 

The plenum or compressed-air process consists in pumping air 
into the chamber of the caisson, which by its pressure excludes the 
water. An air lock or entrance provided with suitable doors is ar- 
ranged in the top of the caisson, by which workmen can enter to 
loosen up the soil and otherwise aid in the sinking of the caisson 
vertically by removing and loosening the material at the sides. If 
the loosened material is of a suitable character it is removed with a 
sand pump; if not, hoisting apparatus is provided and, being loaded 
into buckets by the workmen, it is hoisted out through the air lock. 

Freezing^ Process. This process is employed in sinking 
foundation pits through quicksand and soils saturated with water. 
The Poetsch-Sooysmith process is to sink a series of pipes 10 inches 
in diameter through the earth to the rock; these are sunk in a circle 
around the proposed shaft. Inside of the 10-inch pipes 8-inch pipes 
closed at the bottom are placed, and inside of these are placed smaller 
pipes open at the bottom. Each set of the small pipes is connected 
in a series. A freezing mixture is then allowed to flow downwards 
through one set of the smaller pipes and return upwards through the 
other. The freezing mixture flows from a tank placed at a suffic- 
ient height to cause the liquid to flow with the desired velocity through 
the pipes. The effect of this process is to freeze the earth into a solid 

wall. 

DESIGNING THE FOUNDATION. 

Load to be Supported. The first step is to ascertain the load 
to be supported by the foundation. This load consists of three parts: 
(1) The structure itself, (2) the movable loads on the floors and the 
snow on the roof, and (3) the part of the load that may be transferred 
from one part of the foundation to the other by the force of the wind. 
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The weight of the building is easily ascertained by calculating the 
cubical contents of all the various materials in the structure. The fol- 
lowing data will be useful in determining the weight of the structure. 

TABLE 8. 
Weig^ht of Masonry. 



Kind of Masonry. 



(( 



<t 



Brickwork, pressed brick, thin joints 

ordinary quality 

soft brick, thick joints 

Concrete 

Granite or limestone, well dressed throughout . • 

rubble, well dressed with mortar .... 

roughly dressed with mortar 

well dressed, dry 

roughly dressed, dry 

Mortar dried 

Sandstone, -j^ less than granite 



<t 



(( 



tt 



It 



Weight in 
lb. "^r cu. ft. 



145 
125 
100 
130 to 160 
165 
155 
150 
140 
125 
100 



Ordinary lathing and plastering weighs about 10 lb. per sq. ft. 
Floors weigh approximately: 

Dwellings 10 lb. per sq. ft. 

Public buildings ' 25 lb. per sq. ft. 

Warehouses 40 to 50 lb. per sq. ft. 

Roofs vary according to the kind of covering, span, etc. 
Shingle roof weighs about 10 lb. per sq. ft. 

Slate or corrugated iron 25 lb per sq. ft. 

The movable load on the floor depends upon the nature of the 
building. It is usually taken as follows: 

Dwellings 10 lb. per sq. ft. 

Office buildings 20 lb. per sq. ft. 

Churches, theatres, etc 100 lb. per sq. ft. 

Warehouses, factories 100 to 400 lb. per sq. ft. 

The weight of snow on the roof will vary from in a warm 
climate to 20 lb. in the latitude of Michigan. The pressure of the 
wind is usually taken at 50 lb. per sq. ft. on a flat surface perpendicu- 
lar to the wind, and on a cylinder at about 40 lbs. per sq. ft. over the 
vertical projection of the cylinder. 
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Bearing; Power of Soils. The best method of determining 
the load which a particular soil will bear is by direct experiment and 
examination — particularly of its compactness and the amount of 
water it contains. The values given in the following table may be 
considered safe for good examples of the kind of soil quoted. 

TABLE 9. 
Bearing: Power of Soils. 



Kind of sou. 



it 
« 



Rock, hard 

" soft 

Clay on thick bed, always dry 

" " " moderately dry .... 

soft 

Gravel and coarse sand, well cemented 
Sand, compact and well cemented .... 

" clean, dry 

Quicksand, alluvial soil, etc 



Bearing i)ower. 
tons per square foot. 



Min. 



25 
5 
4 
2 
1 
8 
4 
2 
0.5 



Max. 



30 
10 
6 
4 
2 
10 
6 
4 
1 



Area Required. Having determined the pressure which may 
safely be brought upon the soil, and having ascertained the weight 
of each part of the structure, the area required for the foundation 
is easily determined by dividing the latter by the former. Then, 
having found the area required, the base of the structure must be 
extended by footings of concrete, masonry, timber, etc., so as to (1) 
cover that area and (2) distribute the pressure uniformly over it. 

Bearing Power of Piles. Several formulas have been proposed 
and are in use for determining the safe working loads on piles. The 
three in general use are: 

Sander's formula, 

(^ t ] J • lu Weight of hammer in lb. X fall in inches. 

8 X Sinking at last blow. 

Trautwine's formula. 
Extreme load in tons of 2240 lbs. =^ 

Cube root of fall in feet X Weight of hammer in lb. X 0.023 

Last sinking in inches. 
Safe load to be taken at one-half of extreme load when driven in 
firm soils, and at one-fourth when driven in river mud or marshy soil. 
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Engineering News formula is the latest and is considered reliable. 

Safe load in lb. = ^ 

in which w =^ weight of hammer in lb., A ^ its fall in feet, S = aver- 
age sinking under last blows in inches. 

Example of Pile Foundation. As an example of the method 
of determining the number of piles required to support a given build- 
ing, the side walls of a warehouse are selected, a vertical section of 
which is shown in Fig. 15. The walls are of 
hrick, and the weight is taken at ] 10 pounds per 
cubic foot of masonry. 

The piles are to be driven in two rows, 
spaced two feet between centers, and it has 
been found that a test pile 20 feet long and 10 
inches at the top will sink one inch under a 
1,200-pound hammer failing 20 feet after the Fig. ib. swna 
pile has been entirely driven into the soil. 
What distance should the piles be placed center to center length- 
wise of the wall ? 

By calculation it is found that the wall contains 157J cubic feet 
of masonry per running foot, and hence weighs 17,306 pounds. The 
load from the floors which comes uiKm the wall is: 

From the 1st floor 1500 lb. 

" " 2nd " , J3S0 " 

" " 3rd " 1380 " 

" " 4th " 790 " 

" " 5th " 720 " 

" " 6th " 720 " 

" roof 240 " 

Total 67301b. 

Hence the total weight of the wall and its load per running foot is 
24,036 pounds. 

The load which one pile will support is, by Sander's rule 
1200X240 
— Q-.;-,- ' = 30,000 pounds. 

By Traiitwine's rule, using a factor of safety of 2.5, the safe load 
would be 
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f/'20 X 1200 X 0.023 



15 tons or 33,600 lb. 



2.5 X (1 + 1) • 
Then one pair of piles would support 72,000 or 67,200 pounds ac- 
cording to which rule we take. 

Dividing these numbers by the weight of one foot of the wall 
and its load, it is found, that, by Sander's rule, one pair of piles will 
support 3 feet of the wall, and, by Trautwine's rule, 2.8 feet of wall; 
hence the pile should be placed 2 feet 9 inches or 3 feet between 
centers. 

DESIQNINQ THE FOOTING, 

The term footing is usually understood as meaning the bottom 
course or courses of concrete, timber, iron, or masonry employed 
to increase the area of the base of the walls, piers, etc. What- 
ever the character of the soil, footings should extend beyond 
the fall of the wall (1) to add to the stability of the structure 
and lessen the danger of its being thrown out of plumb, and 
(2) to distribute the weight of the structure over a lai^r 
area and thus decrease the settlement due to compression of the 
ground. 

Offsets of Footings. The area of the foundation having been 
determined and its center having been located with reference to the 

axis of the load, the next step is to deter- 

^ ^jrickj *i mine how much narr9wer each footing 

j I course may be than the one next below^ it. 

[ ' i' » ' ' I ' i The proper offset for each course will 

l' ''.',',' I I depend upon the vertical pressure, the 
Fig. 16. Brick Footing. transversc strength of the material, and 

the thickness of the course. Each footing 
may be regarded as a beam fixed at one end and uniformly 
loaded. The part of the footing course that projects beyond 
the one above it, is a cantilever beam uniformly loaded. From 
the formulas for such beams, the safe projection may be cal- 
culated. 

5tone Footings. Table 10 gives the safe offst^t for masonry 
footing courses, in terms of the thickness of the course, computed 
for a factor of safety of 10. 
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Blucstone flap 

Granite 

Limestone 

Sandstone 

Slate 

Best hard brick 

Hard brick 

Concrete 1 Portland ) 

2 Sand > 10 days old . . 

3 Pebbles ) 
Concrete I Rosendale ) 

2 Sand > 10 days old . 

3 Pebbles \ 




• Modulus o[ rupture. 

To illustrate the method of using the preceding table, assume 
that it is desired to determine the offset for a limestone footing course 
when the pressure on the bed of the foundation is 1 ton per sfjuare 
foot, using a factor of safety of 10. On the table, opposite limestone, 
in next to the last column, we find the fjuantity 1 .9. This shows that 
under the conditions stated, the offset may be 1.9 times the thickness 
of the course. 



Fig. 17. Timber Footing. 

Timber Footing. The rise of the transverse timbers (Fig. 17) 
may be calculated by the following formula: 

2 X I P X y X a 



Breadth in inches = 



D" X A 
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in which w = the bearing power in lb. per sq. ft.; 
p ~ the projection of the beam in feet; 
8 = the distance between centers of beams in feet; 
D = the assumed depth of the beam in inches; 
A = the constant for strength which is taken for Georgia 
pine at 90, oak 65, Norway pine 60, white pine or spruce 55. 

Steel l-Beam Footins^s. The dimensions of the I-beams, Fig. 
18, can be calculated by the usual formulas, by means of the strain 
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Fig. 18. Steel I-Beam Footing. 



to which the part of the beam in cantilever is submitted. The safe 
load per running foot is given by the expression 

6 Tfl z* 

in which W == load in pounds per running foot; 

S = 16,000 lb. per sq. in., extreme fibre strain of beams; 
m = distance from center of gravity of sections to top or 

bottom; 
I = moment of inertia of section, neutral axis through 

center of gravity; 
z = span in feet. 
A ready method of determining the size of the beams is by com- 
puting the required coefficient of strength, and finding in the tables 
furnished by the manufacturers of steel beams the size of the beam 
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which has a coefficient equal to, or next above, the value obtained by 
the formula. C, the coefficient, is found by the following expression : 

in which V) = bearing power in pounds per sq. ft.; 
p = the projection of the beam in feet; 
8 = the spacing of the beam, center to center, in feet. 
Table 11 gives the safe projection of steel I-beams spaced on I 
foot centers and for loads varying from 1 to 5 tons per sq. ft. 

TABLE 11. 
Safe Projection of I-Beam Footins^. 





Weight 

per foot, 

lb. 


b (Tons per Square Foot). 


Depth of 
beam. In. 


1 


12.5 
ll.C 


156 

11.5 
10.0 


2 

10.0 
8.5 


25i 

9.0 
8.0 


2}i 

9.0 
8.0 


8 

8.0 
7.0 


8H 

7.5 
6.5 


4 

7.0 
6.0 


4H 


5 


20 
20 


80 
64 


14.0 
12.5 


6.5 
6.0 


6.0 
5.5 


15 
15 
15 
15 


75 
60 
50 
41 


11.5 

10.5 

9.5 

8.5 


10.5 
9.5 
8.5 
8.0 


9.5 
8.5 
8.0 
7.0 


8.0 
7.5 
7.0 
6.0 


7.5 
7.0 
6.5 
6.0 


7.5 
6.5 
6.0 
5.5 


6.5 
6.0 
5.5 
5.0 


6.0 
5.5 
5.0 
4.5 


6.0 
5.5 
5.0 
4.5 


5.5 
5.0 
4.5 
4.0 


5.0 
5.0 
4.5 
4.0 


12 
12 
10 
10 


40 
32 
33 
25.5 


8.0 
7.0 
6.5 
5.5 


7.0 
6.5 
6.0 
5.0 


6.5 
5.5 
5.5 
4.5 


5.5 
5.0 
4.5 
4.0 


5.5 
4.5 
4.5 
4.0 


5.0 
4.5 
4.0 
3.5 


4.5 
4.0 
4.0 
3.5 


4.0 
4.0 
3.5 
3.0 


4.0 
3.5 
3.5 
3.0 


3.5 
3.5 
3.0 
2.5 


3.5 
3.0 
3.0 
2.5 


9 
9 

8 
8 


27 
21 
22 
18 


5.5 
5.0 
5.0 
4.5 


5.0 
4.5 
4.5 
4.0 


4.5 
4.0 
4.0 
3.5 


4.0 
3.5 
3.5 
3.0 


4.0 
3.5 
3.5 
3.0 


3.5 
3.0 
3.0 
3.0 


3.5 
3.0 
3.0 
2.5 


3.0 
2.5; 
2.5 i 
2.5 


3.0 
2.5 
2.5 
2.0 


2.5 
2.5 
2.5 
2.0 


2.5 
2.0 
2.0 
2.0 


7 
7 
6 
6 


20 
15.5 
16 
13 


4.5 
4.0 
3.5 
3.0 


4.0 
3.5 
3.0 
3.0 


3.5 
3.0 
3.0 
2.5 


3.0 
2.5 
2.5 
2.5 


3.0 
2.5 
2.5 
2.0 


3.0 
2.5 
2.0 
2.0 


2.5 
2.0 
2.0 
2.0 


2.5 
2.0 
2.0 
1.5 


2.0 
2.0 
1.5 
1.5 


2.0 
2.0 
1.5 
1.5 


2.0 
1.5 
1.5 
1.5 


5 
5 


13 
10 
10 
7.5 


3.0 
2.5 
2.5 
2.0 


2.5 
2.5 

2.0 
2.0 


2.5 
2.0 
2.0 
1.5 

1 


2.0 
2.0 
1.5 
1.5 


2.0 
1.5 
1.5 
1.5 


2.0 
1.5 
1.5 
1.5 


1.5 
1.5 
1.5 


1.5 
1.5 


1.5 
1.5 


1.5 


1.5 


4 






4 





















SAFE WORKING LOADS FOR HASONRY. 

Brick Masonry in Walls or Piers. 

Tons per sq. ft. 

Hard brick in Hme mortar 5 to 7 

Hard brick in Rosendale cement 1 to 3 8 to 10 
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Tons per sq. ft 

Pressed brick in lime mortar 6 to 8 

Pressed brick in Rosendale cement 9tol2 

Pressed brick in Portland cement 12 to 15 

Piers exceeding in height six times their least dimension should 
be increased 4 inches in size for each additional 6 feet. 

According to the New York building laws, brickwork in good 
lime mortar 8 tons per sq. ft., 11^ tons when good lime and cement 
mortar is used, and 15 tons when good cement mortar is used. 

According to the Boston building laws: 

Best hard-burned brick (height less than six times least dimen- 
sion) with 

Lb. per sq. ft. 

Mortar, 1 cement, 2 sand 30,000 

Mortar, 1 cement, 1 lime, 3 sand 24,000 

Mortar, lime 16,000 

Best hard-turned brick (height six to twelve times least dimen- 
sion) with 

Mortar, 1 cement, 2 sand 26,000 

Mortar, 1 cement, 1 lime, 3 sand 20,000 

Mortar, lime 14,000 

For light hard-burned brick use § the above amounts. 

Stone Masonry. 

Tons per sq. ft. 

Rubble walls, irregular stone 3 

Rubble walls, coursed, soft stone 2J 

Rubble walls, coursed, hard stone 5 to 16 

Dimension stone in cement: 

Sandstone and limestone 10 to 2C 

Granite 20 to 4C 

Dressed stone, with f-inch dressed joints, in cement: 

Granite 60 

Marble or limestone ' 40 

Sandstone 30 

Height of columns not to exceed eight times least diameter. 

Mortars. 
In J inch joints 3 months old: Tons per sq. ft. 
Portland cement 1 to 4 40 
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Tons per sq. ft» 

Rosendale cement 1 to 3 13 

Lime mortar 8 to 10 

Portland 1 to 2 in J-inch joints for bedding iron plates 70 

Concrete. 

Tons per sq. ft. 

Portland cement 1 to 8 8 to 20 

Rosendale cement 1 to 6 5 to 10 

Lime, best, 1 to 6 5 

Hollow Tile. 

Pounds per sq. ft. 

Hard fire-clay tiles 80 

Hard ordinary clay tiles 60 

Porous terra-cotta tiles 40 

Terra-cotta blocks, unfilled 10,000 

Terra-cotta blocks, filled solid with brick or cement 20,000 



• 
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PART II. 



CLASSIFICATION OF HASONRY. 

Masonry is classified according to the nature of the material used, 
as "stone masonry," "brick masonry,'* "mixed masonrj'," composed 
of stones and bricks, and "concrete masonry." 

Stone masonrj' is classified (1) according to the manner in which 
the material is prepared, as "rubble masonry," "squared stone ma- 
sonry," "ashlar masonrj%" "broken ashlar," and the combinations 
of these four kinds; and (2) according to the manner in which the 
work is executed, as "uncoursed rubble," "coursed rubble," "dry 
rubble," "regular-coursed ashlar,"* 'broken or irregular-coursed 
ashlar," "ranged work," "random ranged," etc. 

DEFINITIONS OF THE TERMS USED IN MASONRY. 

Abutment: (1) That portion of the masonry of a bridge or 
dam upon which the ends rest, and which connects the superstruc- 
ture with the adjacent banks. (2) A structure that receives the 
lateral thrust of an arch. 

Arris: The external angle or edge formed by the meeting of 
two plane or cur\'ed surfaces, whether walls or the sides of a stick 
or stone. 

Backed : Built on the rear face. 

Backing^ : The rough masonry of a wall faced with cut stone. 

Batter : The slope or inclination given to the face of a wall. 
It is expressed by dividing the height by the horizontal distance. It 
is described by stating the extent of the deviation from the vertical, 
as one in twelve, or one inch to the foot. 

Bats : Broken bricks. 

Bearing Blocks or Templets : Small blocks of stone built 
in the wall to support the ends of particular beams. 
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Belt Stones or Courses : Horizontal bands or zones of stone 
encircling a building or extending through a wall. 

Blocking^ Course : A course of stone placed on the top of a 
cornice, crowning the walls. 

Bond: The disposing of the blocks of stone or bricks in the 
walls so as to form the whole into a firm structure by a judicious over- 
lapping of each other so as to break joint. 

A stone or brick which is laid with its length across the wall, or 
extends through the facing course into that behind, so as to bind the 
facing to the backing, is called a "header" or "bond." Bonds are 
described by various names, as: 

Binders, when they extend only a part of the distance across 
the wall. 

Through Bonds, when they extend clear across from face to back. 

Heart Bonds, when two headers meet in the middle of the wall 
and the joint between them is covered by another header. 

Perpend Bond signifies that a header extends through the whole 
thickness of the wall. 

Chain Bond is the building into the masonry of an iron bar, 
chain, or heavy timber. 

Cross Bond, in which the joints of the second stretcher course 
come in the middle of the first; a course composed of headers and 
stretchers intervening. 

Block and Cross Bond, when the face of the wall is put up in cross 
bond and the backing in block bond. 

English Bond (brick masonry) consists of alternate courses of 
headers and stretchers. 

Flemish Bond (brick masonry) consists of alternate headers and 
stretchers in the same course. 

Blind Bond is used to tie the front course to the wall in pressed 
brick work where it is not desirable that any headers should be seen 
in the face work. 

To form this bond the face brick is trimmed or clipped off at 
both ends, so that it will admit a binder to set in transversely from 
the face of the wall, and every layer of these binders should be tied 
with a header course the whole length of the wall. The binder should 
be put in every fifth course, and the backing should be done in a most 
substantial manner, with hard brick laid in close joints, for the reason 
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that the face work is laid in a fine putty mortar, and the joints con- 
sequently close and tight; and if the backing is not the same the 
pressure upon the wall will make it settle and draw the wall inwf.rd. 
The common form of bond in brickwork is to lay three or five courses 
as stretchers, then a header course. 

Breast Wall : One built to prevent the falling of a vertical 
face cut into the natural soil; in distinction to a retaining wall, etc. 

Brick Ashlar: Walls with ashlar facing backed with bricks. 

Build or Rise : That dimension of the stone which is per- 
pendicular to the quany bed. 

Buttress : A vertical projecting piece of stone or brick masonry 
built in front of a wall to strengthen it. 

Closers are pieces of brick or stone inserted in alternate courses 
of brick and broken ashlar masonry to obtain a bond. 

Cleaning Down consists in washing and scrubbing the stone- 
work with muriatic acid and water. Wire brushes are generally 
used for marble and sometimes for sandstone. Stiff bristle brushes 
are ordinarily used. The stones should be scrubbed until all mortar 
stains and dirt are entirely removed. 

For cleaning old stonework the sand blast operated either by 
steam or compressed air is used. Brick masonry is cleaned in the 
same manner as stone masonry. During the process of cleaning all 
open joints under window sills and elsewhere should be pointed. 

Coping : The coping of a wall consists of large and heavy 
stones, slightly projecting over it at both sides, accurately bedded on 
the wall, and jointed to each other with cement mortar. Its use is 
to shelter the mortar in the interior of the wall from the weather, and 
to protect by its weight the smaller stones below it from being knocked 
off or picked out. Coping stones should be so shaped that water 
may rapidly run off from them. 

For coping stones the objections with regard to excess of length 
do not apply; this excess may, on the contrary, prove favorable, 
because, the number of top joints being thus diminished, the mass 
beneath the coping will be better protected. 

Additional stability is given to a coping by so connecting the 
coping stones together that it is impossible to lift one of them without 
at die same time lifting the ends of the two next it. This is done 
either by means of iron cramps inserted into holes in the stone and 



279 



66 MASONRY CONSTRUCTION 

fixed there with lead, or, better still, by means of dowels of wrought 
iron, cast iron, copper, or hard stone. The metal dowels are inferior 
in durability to those of hard stone, though superior in strength. 
Copper is strong and durable, but expensive. The stone dowels are 
small prismatic or cylindrical blocks, each of which fits into a pair 
of opposite holes in the contiguous ends of a pair of coping stones 
and fixed with cement mortar. 

The under edge should be throated or dipped, that is, grooved, 
so that the drip will not run back on the wall, but drop from the edge. 
Coping is divided into three kinds: 

Parallel coping, level on top. Feather^dged coping, bedded 
level and sloping on top. Saddle-back coping has a curved or doubly 
inclined top. 

Corbell : A horizontal projecting piece, or course, of masonry 
which assists in supporting one resting upon it which projects still 
further. 

Cornice : The ornamental projection at the eaves of a building 
or at the top of a pier or any other structure. 

Counterfort: Vertical projections of stone or brick masonry 
built at intervals along the back of a wall to strengthen it, and gen- 
erally of very little use. 

Course : The term course is applied to each horizontal row or 
layer of stones or bricks in a wall; some of the courses have particular 
names, as: 

Plinth Course, sl lower, projecting, square-faced course; also 
called the water table. 

Blocking Course, laid on top of the cornice. 

Bonding Course, one in which the stones or bricks lie with their 
length across the wall ; also called heading course. 

Stretching Course, consisting of stretchers. 

Springing Course, the course from which an arch springs. 

String Course, a projecting course. 

Rowlock CoursCy bricks set on edge. 

Cramps : Bars of iron having the ends turned at right angles 
to the body of the bar, and inserted in holes and trenches 
cut in the upper sides of adjacent stones to hold them together 
(see Coping). 
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Cutwater or Starlins^ : The projecting ends of a bridge- 
pier, etc., usually so shaped as to allow water, ice, etc., to strike them 
with but little injury. 

Dowels: Straight bars of iron, copper, or stone which are 
placed in holes cut in the upper bed of one stone and in the lower bed 
of the next stone above. They are also placed horizontally in the 
adjacent ends of coping stones (see under Coping). Cramps and 
dowels are fastened in place by pouring melted lead, sulphur, or 
cement grout around them. 

Dry Stone Walls may be of any of the classes of masonry 
previously described, with the single exception that the mortar is 
omitted. They should be built according to the principles laid down 
for the class to which they belong. 

Face : The front surface of the wall. 

Facing : The stone which forms the face or outride of the wall 
exposed to view. 

Footins^ : The projecting courses at the base of a wall for the 
purpose of distributing the weight over an increased area, and thereby 
diminishing the liability to vertical settlement from compression of 
the ground. 

Footins^s, to have any useful effect, must be securely bonded 
into the body of the work, and have sufficient strength to resist the 
cross strains to which they are exposed. The beds should be dressed 
true and parallel. Too much care cannot be bestowed upon the 
footing courses of any building, as upon them depends much of the 
stability of the work. If the bottom course be not solidly bedded, 
if any rents or vacuities are left in the beds of the masonry, or if the 
materials be unsound or badly put together, the effects of such care- 
lessness will show themselves sooner or later, and always at a period 
when remedial efforts are useless. 

Gauj^d Work: Bricks cut and rubbed to the exact shape 
required. 

Qrout is a thin or fluid mortar made in the proportion of 1 of 
cement to 1 or 2 of sand. It is used to fill up the voids in walls of 
rubble masonry and brick. Sometimes the interior of a wall is built 
up dry and grout poured in to fill the voids. Unless specifically 
instructed to permit its use, grout should not be used unless in the 
presence of the inspector. When used by masons without instruc- 
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tions it is usually for the purpose of concealing bad work. Grout is 
used for solidifying quicksand. 

Grouting is pouring fluid mortar over last course for the purpose 
of filling all vacuities. 

Header. Also called a bond. A stone or brick whose greatest 
dimension lies perpendicular to the face of the Wall, and used for the 
purpose of tying the face to the backing (see Bond). A trick of 
masons is to use "blind headers," or short stones that look like 
headers on the face, but do not go deeper into the wall than the 
adjacent stretchers. When a course has been put on top of these 
they are completely cove^^d up, and, if not suspected, the fraud will 
never be discovered unless the weakness of the wall reveals it. 

In facing brick walls with pressed brick the bricklayer will fre- 
(juently cut the headers for the purpose of economizing the more expen- 
sive material ; thus great watchfulness is necessary to secure a good bond 
between the facing and common brick. " All stone foundation walls 
24 inches or less in thickness shall have at least one header extending 
through the wall in every 3 feet in height from the bottom of the wall, and 
in every 3 feet in length, and if over 24 inches in thickness shall have one 
header for every 6 superficial feet on both sides of the wall, and run- 
ning into the wall at least 2 feet. All headers shall be at least 1 2 inches 
in width and 8 inches in thickness, and consist of good, flat stone. 

" In all brick walls every sixth course shall be a heading course, 
except where walls are faced with brick in running bond, in which 
latter case every sixth course shall be bonded into the backing by 
cutting the course of the face brick and putting in diagonal headers 
behind the same, or by splitting the face brick in half and backing 
the same with a continuous row of headers." 

Joints, The mortar layers between the stone or bricks are 
called the joints. The horizontal joints are called "bed joints;" the 
end joints are called the vertical joints, or simply the "joints." 

Excessively thick joints should be avoided. In good brickwork 
they should be about J to | inch thick; for ashlar masonry and pressed 
brickwork, about I to y^ inch thick; for rubble masonry they vary 
according to the character of the work. 

The joints of both stone and brick masonry are finished in 
different ways, with the object of presenting a neat appearance and 
of throwing the rainwater away from the joint. 
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Flush Joints. In these the mortar is pressed flat with the trowel 
and the surface of the joint is flush with the face of the wall. 

Struck Joints are formed by pressing or striking back with the 
trowel the upper portion of the joint while the mortar is moist, so as 
to fonn an outward sloping surface from the bottom of the upper 
course to the top of the lower course. This joint is also designated 
by the name "weather joint." Masons generally fonn this joint so 
that it slopes inwards, thus leaving the upper arris of the lower course 
bare and exposed to the action of the weather. The reason for form- 
ing it in this improper manner is that it is easier to perform. 

Key Joints are formed by drawing a curved iron key or jointer 
along the center of the flushed joint, pressing it hard, so that the 
mortar is driven in beyond the face of the wall; a groove of cur\'ed 
section is thus formed, having its surface hardened by the pressure. 

White Skate or Groove Joint is employed in front brickwork. It 
is about ^(j"inch thick. It is formed with a jointer having the width 
of the intended joint. It is guided along the joint by a straight edge 
and leaves its impress upon the material. 

Joggle : A joint piece or dowel pin let into adjacent faces of 
two stones to hold them in position. It may vary in form and ap- 
proach in its shape either the dowel or clamp. 

Jamb : The sides of an opening left in a wall. 

Lintel : The stone, wood, or iron beam used to cover a narrow 
opening in a wall. 

One-Man Stone : A stone of such size as to be readily lifted 
by one man. 

Parapet Wall is a low wall running along the edge of a terrace 
or roof to prevent people from falling over. 

Pointing a piece of masonry consists in scraping out the mortar 
in which the stones were laid from the face of the joints for a depth 
of from i to 2 inches, and filling the groove so made with clear Port- 
land-cement mortar, or with mortar made of 1 part of cement and 
1 part of sand. 

The object of pointing is that the exposed edges of the joints 
are always deficient in density and hardness, and the mortar near the 
surface of the joint is specially subject to dislodgment, since the con- 
traction and expansion of the masonry are liable either to separate 
the stone from the mortar or to crack the mortar in the joint, thus 
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permitting the entrance of rainwater, which freezing forces the mortar 
from the joints. 

The pointing mortar, when ready for use, should be rather inco- 
herent and quite deficient in plasticity. 

Before applying the pointing, the joint must be well cleansed by 
scraping and brushing out the loose matter, then thoroughly saturated 
with water, and maintained in such a condition of dampness that the 
stones will neither absorb water from the mortar nor impart any to it. 
Walls should not be allowed to dry too rapidly after pointing. 

Pointing should not be prosecuted either during freezing or 
excessively hot weather. 

The pointing mortar is applied with a mason's trowel, and the 
joint well calked with a calking iron and hammer. In the very best 
work the surface of the mortar is rubbed smooth with a steel polishing 
tool. The form given to the finish joint is the same as described 
under joints. 

Pointing with colored mortar is frequently employed to improve 
the appearance of the work. Various colors are used, as white, black, 
red, brown, etc., different colored pigments being added to the mortar 
to produce the required color. 

Tuck Pointing, used chiefly for brickwork, consists of a project- 
ing ridge with the edges neatly pared to an uniform breadth of about 
J-inch. White mortar is usually employed for this class of pointing. 

Many authorities consider that pointing is not advisable for new 
work, as the joints so formed are not as enduring as those which are 
finished at the time the masonry is built. Pointing is, moreover, 
often resorted to when it is intended to give the work a superior 
a{)pearance, and also to conceal defects in inferior work. 

Pallets, Plugs : Woo<len bricks inserted in walls for fastening 
trim, etc. 

Plinth : A projecting base to a wall; also called "water table." 

Pitched-Face Masonry : That in which the face of the stone 
is roughly dressed with the pitching chisel so as to give edges that are 
a))proximately true. 

Quarry-Faced or Rock-Faced Masonry : That in which the 
face of the stone is left untouched as it comes from the quarry. 

Quoin : A cornerstone. A quoin is a header for one face and 
a stretcher for the other. 
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Rip- Rap. Rip-rap is composed of rough undressed stone as it 
comes from the quarry, laid dry about the base of piers, abutments, 
slopes of embankments, etc., to prevent scour and wash. When 
used for the protection of piers the stones are dumped in promis- 
cuously, their size depending upon the material and the velocity of 
the current. Stones of 15 to 25 cubic feet are frequently employed. 
Wlien used for the protection of banks the stones are laid by hand 
to a uniform thickness. 

Rise : That dimension of a stone which is perpendicular to its 
quarry bed (see Build). 

Retaining Wall or Revetment : A wall built to retain earth 
deposited behind it (see Breast Wall). 

Reveal : The exposed portion of the sides of openings in walb 
in front of the recesses for doors, window frames, etc. 

Slope-Wall Masonry : A slope wall is a thin layer of masonry 
used to protect the slopes of embankments, excavations, canals, river 
banks, etc., from rain, waves, weather, etc. 

51ips : See Wood Bricks. 

5pall : A piece of stone chipped off by the stroke of a hammer. 

Sill ; Tlie stone, iron, or wood on which the window or doo> 
of a building rests. In setting stone sills the mason beds the ends 
only; the middle is pointed up after the building is enclosed. They 
should be set perfectly level lengthwise, and have an inclination cross- 
wise, so the water may flow from the frame. 

Stone Paving consists of roughly squared or unsquared blocks 
of stone used for paving the waterway of culverts, etc.; it is laid both 
dry and in mortar. 

Starling: See Cutwater. 

Stretcher: A stone or brick whose greatest dimension lies 
parallel to the face of the wall. 

String Course : A horizontal course of brick or stone masonry 
projecting a little beyond the face of the wall. Usually introduced 
for ornament. 

Two-Men Stone: Stone of such size as to be conveniently 
b'fted by two men. 

Toothing : Unfinished brickwork so arranged that every alter- 
nate brick projects half its length. 

Water-TaUe ; See Plinth. 
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Wood Bricks, Pallets, Plugs, or Slips are pieces of wood 
laid in a wall in order the better to secure any woodwork that it may 
be necessary to fasten to it. Great injury is often done to walls by 
driving wood plugs into the joints, as they are apt to shake the work. 
Hollow porous terra-cotta bricks are frequently used instead of wood 
bricks, etc. 

PREPARATION OF THE MATERIALS. 

STONE curriNQ. 

Dressing the Stones, The stonecutter examines the rough 
blocks as they come from the quarry in order to determine whether 
the blocks will work to better advantage as a header, a stretcher, or a 
cornerstone. Having decided for which purpose the stone is suited, 
he prepares to dress the bottom bed. The stone is placed with bottom 
bed up, all the rough projections are removed with the hammer and 
pitching tool, and approximately straight lines are pitched off around 
its edges; then a chisel draft is cut on all the edges. These drafts 
are brought to the same plane as nearly as practicable by the use of 
two straight edges having parallel sides and equal widths, and the 
enclosed rough portion is then dressed down with the pitching tool 
or point to the plane of the drafts. The entire bed is then pointed 
down to a surface true to the straight edge when applied in any direc- 
tion — crosswise, lengthwise, and diagonally. 

Lines are then marked on this dressed surface parallel and per- 
pendicular to the face of the stone, enclosing as large a rectangle as 
the stone will admit of being worked to, or of such dimensions as may 
be directed by the plan. 

The faces and sides are pitched off to these lines. A chisel draft 
is then cut along all four edges of the face, and the face either 
dressed as required, or left rock faced. The sides are then pointed 
down to true surfaces at right angles to the bed. The stone is 
turned over bottom bed down, and the top bed dressed in the same 
manner as the bottom. It is important that the top bed be exactly 
parallel to the bottom bed in order that the stone may be of uniform 
tliickiiess. 

Stones having the beds inclined to each other, as skewbacks, or 
.stones huvin<^ the sides inclined to the beds, are dressed by using a 
l)evelle(I vstraight edge set to the required inclination. 
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Arch stones have two plane surfaces inclined to each other; these 
are called the beds. The upper surface or extrados is usually left 
rough; the lower surface or intrados is cut to the curve of the arch. 
This surface and the beds are cut true by the use of a wooden or 
metal templet which is made according to the drawings furnished by 
the engineer or architect. 

TOOLS USED IN STONE CUTTING. 

The Double-Face Hammer is a heavy tool, weighing from 20 
to 30 pounds, used for roughly shaping stones as they come from the 
quarry and for knocking off projections. This is used for only the 
roughest work. 

The Face Hammer has one blunt and one cutting end, and is 
used for the same purpose as the double-face hammer where less 
weight is required. The cutting end is used for roughly squaring 
stones preparatory to the use of the finer tools. 

The Cavil has one blunt and one pyramidal or pointed end, 
and weighs from 15 to 20 pounds. It is used in quarries for roughly 
shaping stone for transportation. 

The Pick somewhat resembles the pick used in digging, and is 
used for rough dressing, mostly on limestone and sandstone. Its 
length varies from 15 to 24 inches, the thickness at the eye being 
about 2 inches. 

The Axe or Pean Hammer has two opposite cutting edges. 
It is used for making drafts around the arris or edge of stones, and in 
reducing faces, and sometimes joints, to a level. Its length is about 
10 inches and the cutting edge about 4 inches. It is used after the 
point and before the patent hammer. 

The Tooth Axe is like the axe, except that its cutting edges 
are divided into teeth, the number of which varies with the kind of 
work required. This tool is not used in cutting granite or gneiss. 

The Bush Hammer is a square prism of steel, w^hose ends are 
cut into a number of pyramidal points. The length of the hammer 
is from 4 to 8 inches and the cutting face from 2 to 4 inches square. 
The points vary in number and in size with the work to be done. 
One end \s sometimes made with a cutting edge like that of the axe. 

The Crandall is a malleable-iron bar about 2 feet long slightly 
flattened at one end. In this end is a slot 3 inches long and |-inch 
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wide. Through this slot are passed ten double-headed points of 
}-inch square steel 9 inches long, which are held in place by a key. 

The Patent Hammer is a double-headed tool so formed as to 
hold at each end a set of wide thin chisels. The tool is in two parts, 
which are held together by the bolts which hold the chisels. I^ateral 
motion is prevented by four guards on one of the pieces. The tool 
without the teeth is5iX2JXl^ inches. The teeth are 2 J inches 
wide; their thickness varies from -/^ to J of an inch. This tool is used 
for giving a finish to the surface of stones. 

The Hand Hammer, weighing from 2 to 5 pounds, is used in 
drilling holes and in pointing and chiselling the harder rocks. 

The Mallet is used where the softer limestones and sandstones 
are cut. 

The Pitching Chisel is usually of IJ-inch octagonal steel, 
spread on the cutting edge to a rectangle of | X 2J inches. It is used 
to make a well-defined edge to the face of a stone, a line being marked 
on the joint surface, to which the chisel is applied and the portion of 
the stone outside of the line broken off by a blow with the hand ham- 
mer on the head of the chisel. 

The Point is made of round or octagonal steel from J to 1 inch in 
diameter. It is made about 12 inches long, with one end brought to 
a point. It is used until its length is reduced to about 5 inches. It 
is employed for dressing off the irregular surface of stones, either for 
a permanent finish or preparatory to the use of the axe. According 
to the hardness of the stone, either the hand hammer or the mallet 
is used with it. 

The Chisel is of round steel of J to |-inch diameter and about 
10 inches long, with one end brought to a cutting edge from J inch 
to 2 inches wide; is used for cutting drafts or margins on the face of 
stones. 

The Tooth Chisel is the same as the chisel, except that the 
cutting edge is divided into teeth. It is used only on marbles and 
sandstones. 

The Splitting Chisel is used chiefly on the softer stratified 
stones, and sometimes on fine architectural carvings in granite. 

The Plug, a truncated wedge of steel, and the feathers of half- 
round malleable iron, are used for splitting unstratified stone. A 
row of holes is made with the drill on the line on which the fracture 
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IS to be made; in each of these two feathers are inserted, and the plugs 
lightly driven in between them. The plugs are then gradually driven 
home by light blows of the hand hammer on each in succession until 
the stone splits. 

Machine Tools. In all large stone yards machines are used 
to prepare the stone. There is a great variety in their form, but 
since the kind of dressing never takes its name from the machine 
which forms it, it will be neither necessary nor profitable to attempt 
a description of individual machines. They include stone saws, 
stone cutters, stone grinders, stone polishers, etc. 

DEFINITION OF TERMS USED IN STONE CUTTING. 

Axed : Dressed to a plane surface with an axe. 

Boasted or Chiselled : Having face wrought with a chisel or 
narrow tool. 

Broached: Dressed with a "punch" after being droved. 

Bush Hammered : Dressed with a bush hammer. 

Crandalled : Wrought to a plane with a crandall. 

Deadening : The crushing or crumbling of a soft stone under 
the tools while being dressed. 

Dressed Work : That which is wrought on the face ; also 
applied to stones having the joints wrought to a plane surface, but 
not "squared." 

Drafted: Having a narrow chisel draft cut around the face 
or margin. 

Droved, Stroked : Wrought with a broad chisel or hammer 
in parallel flutings across the stone from end to end. 

Hammer Dressed : W^orked with the hammer. 

Herring Bone : Dressed in angular flutings. 

Nigged or Nidged : Picked with a pointed hammer or cavil 
to the desired form. 

Patent Hammered : Dressed with a patent hammer. 

Picked : Re<luced to an approximate plane with a pick. 

Pitched : Dressed to the neat lines or edges with a pitching 
chisel. 

Plain : Rubbed smooth to remove tool marks. 

Pointed : Dressed with a point or very narrow tool. 

Polished : Rubbed down to a reflecting surface. 
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Prison : Having surfaces wrought into holes. 

Random Tooled or Droved: Cut with a broad tool into 
irregular flutings. 

Rock Faced, Quarry Paced, Rous^h: Left as it comes frora 
the quany. It may be drafted or pitched to reduce projecting points 
on the face to give limits. 

Rubbed : See Plain. 

Rustic, Rusticated : Having the faces of stones projecting 
beyond the arrises, which are bevelled or drafted. The face may be 
dressed in any desired manner. 

Scabble: To dress off the angular projections of stones for 
rubble masonry with a stone axe or hammer. 

Smooth : See Plain. 

Square Droved : Having the flutings perpendicular to the 
lower edge of the stone. 

Striped : Wrought into parallel grooves with a point or punch. 

Stroked: See Droved, 

Tooled : Wrought to a plane with an inch tool. See Droved. 

Toothed : Dressed w^ith a tooth chisel. 

Vermiculated Worm Work: Wrought into veins by cutting 
away portions of the face. 

METHODS OP PINISHINQ THE PACES OP CUT STONE. 

In architecture there are a great many ways in which the faces 
of cut stone may be dressed, but the following are those that will be 
usually met in engineering work. 

Rou^^h Pointed. When it is necessary to remove an inch or 
more from the face of a stone it is done by the pick or heavy point 
until the projections vary from ^ to 1 inch. The stone is said to be 
rough pointed. In dressing limestone and granite this operation 
precedes all others. 

Pine Pointed. If a smoother finish is desired rough pointing 
is followed by fine pointing, which is done with a fine point. Fine 
pointing is used only w^here the finish made by it is to be final, and 
never as a preparation for a final finish by another tool. 

Crandalied. This is only a speedy method of pointing, the 
effect being the same as fine pointing, except that the dots on the 
stone are more regular. The variations of level are about ^ inch and 
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the rows are made parallel. When other rows at right angles to the 
first are introduced the stone is said to be cross-crandalled. 

Axed or Pean Hammered, and Patent Hammered. These 
two vary only in the d^ree of smoothness of the surface which is 
produced. The number of blades in a patent hammer varies from 
6 to 12 to the inch; and in precise specifications the number of cuts 
to the inch must be stateil, such as 6-cut, 8-cut, 10-cut, 12-cut. The 
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Fig. 10. Hethoda of FlDlshtng Ibe Faces of Cut StoQe. 

effect of axing is to cover the surface with chisel marks, which are 
made parallel as far as practicable. Axing is a final finish. 

Tooth Axed. The tooth axe is practically a number of points, 
and it leaves the surface of a stone in the- same condition as fine 
pointing. It is usually, however, only a preparation for bush ham- 
mering, and the work is then done without regard to effect, so long 
as the surface of the stone is sufficientiv levelietl. 



78 MASONRY CONSTRUCTION 



Bush Hammered. The roughnesses of a stone are pounded 
oflF by the bush hammer, and the stone is then said to be "bushed." 
Tliis kind of finish is dangerous on sandstone, as experience has 
shown tliat sandstone thus treated is very apt to scale. In dressing 
limestone which is to have a bush hammered finish the usual secjuence 
of operation is (1) rough pointing, (2) tooth axing, and (3) bush 
hammering. 

CLASSIFICATION OF THE STONES. 

All the stones used in building are divided into three classes 
according to the finish of the surface, viz.: 1. Rough stones that 
are used as they come from the quarry. 2. Stones roughly scjuared 
and dressed. 3. Stones accurately squared and finely dressed. 

Unsquared Stones. This class covers all stones which are 
used as they come from the quarry without other preparation than 
the removal of very acute angles and excessive projections from the 
general figure. 

Squared Stones. This class covers all stones that are roughly 
squared and roughly dressed on beds and joints. The dressing is 
usually done with tlie face hammer or axe, or in soft stones with the 
tooth hammer. In gneiss, hard limestones, etc., it may be necessary 
to use the point. The distinction between this class and the third 
lies in the degree of closeness of the joints. Where the dressing on 
the joints is such that the distance betw-een the general planes of the 
surfaces of adjoining stones is one-half inch or more, the stones prop- 
erly belong to this class. 

Three subdivisions of this class may be made, depending on the 
character of the face of the stones. 

(a) Quarry-faced or Rock-faced stones are those whose faces are 
left untouched as they come from the quarry. 

(6) Pitched-faced stones are those on which the arris is clearly 
defined by a line beyond which the rock is cut away by the pitching 
chisel, so as to give edges that are approximately true. 

(c) Drafted stones are those on which the face is surrounded by a 
chisel draft, the space inside the draft being left rough. Ordinarily, 
however, this is done only on stones in which the cutting of the joints 
is such as to exclude them from this class. 

In ordering stones of this class the specifications should always 
state the width of the bed and end joints which are expected, and also 
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how far the surface of the face may project beyond the plane of the 
e<lge. In practice the projection varies between 1 inch and G inches. 
It should also be specified whether or not the faces are to be drafted. 
Cut Stones. This class covers all squared stones with smoothly 
dressed beds and joints. As a rule, all the edges of cut stones are 
drafted, and between the drafts the stone is smoothly dressed. The 
face, however, is often left rough where construction is massive. 
The stones of this class are frequently termed "dimension" stone or 
"dimension" work. 

ASHLAR MASONRY. 

Ashlar masonn^ consists of blocks of stone cut to regular figures, 
generally rectangular, and built in courses of unifonn height or rise, 
which is seldom less than a foot. 

Size of the Stones. In order that the stones may not be 
liable to be broken across, no stone of a soft material, such as the 
weaker kinds of sandstone and granular limestone, should have a 
length greater than 3 times its depth or rise; in harder materials the 
length may be 4 to 5 times the depth. The breadth in soft materials, 
may range from 1 1 to double the depth ; in hard materials it may be 
3 times the depth. 

Laying the Stone. The bed on which the stone is to be laid 
should be thoroughly cleansed from dust and well moistened with 
water. A thin bed of mortar should then be spread evenly over it, 
and the stone, the lower bed of which has been cleaned and moistened, 
raised into position, and lowered first upon one or two strips of wood 
laid upon the mortar bed; then, by the aid of the pinch bar, moved 
exactly into its place, truly plumbed, the strips of wood removed, 
and the stone settled in its place and levelled by striking it with wooden 
mallets. In using bars and rollers in handling cut stone, the mason 
must be careful to protect the stone from injury by a piec*e of old 
bagging, carpet, etc. 

In laying "rock-faced" work, the line should be carried above 
it, and care must be taken that the work is kept plumb with the cut 
margins of the corners and angles. 

The Thickness of Mortar in the joints of well executed 
ashlar masonry should be about J of an inch, but it is usually about f . 

Amount of Mortar. The amount of mortar required for 
ashlar masonry varies with the size of the blocks, and also with 
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the closeness of the dressing. With | to J4nch joints and 12 to 
20-inch courses will be about 2 cubic feet of mortar per cubic yard; 
with larger blocks and closer joints, there will be about 1 cubic foot 
of mortar per yard of masonry. Laid in 1 to 2 mortar, onlinary 
ashlar will require {^ to ^ of a barrel of cement per cubic yard of 
masonry. 

Bond of Ashlar Masonry. No side joint in any course 
should be directly above a side joint in the course below; but the 
stones should overlap or break joint to an extent of from once to once 
and a half the depth or rise of the course. This is called the bond of 
the masonry; its effect is to cause each stone to be supported by at 
least two stones of the course below, and assist in supporting at least 
two stones of the course above; and its objects are twofold: first, to 
distribute the pressure, so that inequalities of load on the upper part 
of the structure, or of resistance at the foundation, may be transmit- 
ted to and spread over an increasing area of bed in proceeding down- 
wards or upwards, as the case may be; and second, to tie the structure 
together, or give it a sort of tenacity, both lengthwise and from face 
to back, by means of the friction of the stones where they overlap. 
The strongest bond in ashlar masonry is that in w^hich each course 
at the face of the wall contains a header sLnd a stretcher alternately, 
the outer end of each header resting on the middle of a stretcher of 
the course below, so that rather more than one-third of the area of 
the face consists of ends of headers. This proportion may be devi- 
ated from when circumstances require it; but in every case it is ad- 
visable that the ends of headers should not form less than one-fourth 
of the whole area of the face of the wall. 

SQUARED-STONE HASONRY. 

The distinction between squared-stone masonry and ashlar lies 
in the cliaracter of the dressing and the closeness of the joints. In 
this class of masonry the stones are roughly squared and roughly 
dressed on beds and joints, so that the width of the joints is half an 
inch or more. The same rules apply to breaking joint, and to the 
proportions which the lengths and breadths of the stones should bear 
to their depths, as in ashlar; and as in ashlar, also, at least one-fourth 
of the face should consist of headers, whose length should be from 
three to five times the depth of the course. 
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Amount of Mortar. The amount of mortar required for 
squared-stone masonry varies with the size of the stones and with the 
quality of the masonry; as a rough average, one-sixth to one-quarter 
of the mass is mortar. When laid in 1 to 2 mortar, from J to f of a 
barrel of cement will be required per cubic yard of masonry. 

BROKEN ASHLAR. 

Broken ashlar consists of cut stones of unequal depths, laid in 
the wall without any attempt at maintaining courses of equal rise, 
or the stones in the same course of equal depth. The character of 
the dressing and closeness of the joints may be the same as in ashlar 
or squared-stone masonry, depending upon the quality desired. The 
same rules apply to breaking joint, and to the proportions which the 
lengths and breadths of the stones should bear to their depths, as in 
ashlar; and as in ashlar, also, at least one-fourth of the face of the 
wall should consist of headers. 

Amount of Mortar. The amount of mortar required when 
laid in 1 to 2 mortar, will be from f to 1 barrel per cubic yard of 
masonry, depending upon the closeness of the joints. 

RUBBLE MASONRY. 

Masonry composed of unsquared stones is called rubble. This 
class of masonry covers a wide range of construction, from the com- 
monest kind of dry-stone work to a class of work composed of large 
stones laid in mortar. It comprises two classes: (1) uncoursed rub- 
ble, in which irregular-shaped stones are laid without any attempt 
at regular courses, and (2) coursed rubble, in which the blocks of 
unscjuared stones are levelled off at specified heights to an approx- 
imately horizontal surface. Coursed rubble is often built in random 
courses; that is to say, each course rests on a plane bed, but is not 
necessarily of the same depth or at the same level throughout, so 
that the beds occasionally rise or fall by steps. Sometimes it is 
required that the stone shall be roughly shaped with the hammer. 

In building rubble masonry of any of the classes above men- 
tioned the stone should be prepared by knocking off all the weak 
angles of the block. It should be cleansed from dust, etc., and 
moistened before being placed on its bed. Each stone sliould be 
firmly imbedded in the mortar. Care should be taken not only that 
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each stone shall rest on its natural bed, but that the sides parallel to 
that natural bed shall be the largest, so that the stone may lie flat, 
and not be set on edge or on end. However small and irregular the 
stones, care should be taken to break joints. Side joints should not 
form an angle with the bed joint shaq)er than 60°. The hollows or 
interstices between the larger stones must be filled with smaller stones 
and carefully bedded in mortar. 

One-fourth part at least of the face of the wall should consist of 
bond stones extending into the wall a length of at least 3 to 5 times 
their depth, as in ashlar. 

Amount of Mortar, If rubble masonry is composed of small 
and irregular stones, about J of the mass will consist of mortar; if 
the stones are larger and more regular ^ to J will be mortar. Laid 
in 1 to 2 mortar, ordinary rubble requires from i to 1 barrel of cement 
per cubic yard of masonry. 

ASHLAR BACKED WITH RUBBLE. 

In this class of masonry the stones of the ashlar face should have 
their beds and joints accurately squared and dressed with the hammer 
or the points, according to the quality desired, for a breadth of from 
once to twice (or on an average, once and a half), the depth or rise 
of the course, inwards from the face; but the backs of these stones 
may be rough. The proportion and length of the headers should be 
the same as in ashlar, and the "tails" of these headers, or parts which 
extend into the rubble backing, may be left rough at the back and 
sides; but their upper and lower beds should be hammer dressed to 
the general plane of the beds of the course. These tails may taper 
slightly in breadth, but should not taper in depth. 

The rubble backing, built in the manner described under Rubble 
Masonry, should be carried up at the same time with the face work, 
and in courses of the same rise, the bed of each course being carefully 
formed to the same plane with that of the facing. 

GENERAL RULES FOR LAYING ALL CLASSES OF 

STONE MASONRY. 

L Build the masonry, as far as possible, in a series of courses, 
perpendicular, or as nearly so as possible, to the direction of the pres- 
sure which they have to bear, and by breaking joints avoid all long 
continuous joints parallel to that pressure. 
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2. Use the largest stones for the foundation course. 

3. I^y all stones which consist of layers in such a manner that 
the principal pressure which they have to bear shal! act in a direction 
perpendicular, or as nearly so as possible, to the direction of the 
layers. This is called laying the stone on its natural bed, and is of 
primaiy importance for strength and durability. 

4. Moisten the surface of dry and porous stones before bedding 
them, in order that the mortar mav not be dried too fast and reduced 
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to powder by the stone absorbing its moisture. 

5. Fill every part of every joint and all spaces between the 
stones with mortar, taking care at the same time that such spaces 
shall be as small as po.ssible. 

G. The rougher the stones, the oetter the mortar should I e. 
The principal object of the mortar is to equalize the pressure; and 
the more nearly the stones are dressed to closely fitting surfaces, the 
less im|K>rtant is the mortal. Not infrequently this rule is exactly 
reversed; i.e., the finer the dressing the better the quality of the 
mortar used. 
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All projecting courses, such as sills, lintels, etc., should be covered 
with boards, bagging, etc., as the work progresses, to protect them 
from injury and mortar stains. 

When setting cut stone a pailful of clean water should be kept 
at hand, and when any fresh mortar comes in contact with the face 
of the work it should be immediately washed off. 

GENERAL RULES FOR BUILDING BRICK MASONRY. 

L Reject all misshapen and unsound bricks. 

2. Cleanse the surface of each brick, and wet it thoroughly 
before laying it, in order that it may not absorb the moisture of the 
mortar too quickly. 

3. Place the beds of the courses perpendicular, or as nearly 
perpendicular as possible, to the direction of the pressure which they 
have to bear; and make the bricks in each course break joint with 
those of the courses above and below by overlapping to the extent of 
from one-quarter to one-half of the length of a brick. (For the style 
of bond used in brick masonry, see under Bond in list of definitions.) 

4. Fill every joint thoroughly with mortar. 

Brick should not be merely laid, but every one should be rubbed 
and pressed down in such a manner as to force the mortar into the 
pores of the bricks and produce the maximum adhesion; with quick- 
setting cement, this is still more important than with lime mortar. 
For the best work it is specified that the brick shall be laid with a 
"shove joint/' that is, that the brick shall first be laid so as to project 
over the one below, and be pressed into the mortar, and then be 
shoved into its final position. 

Bricks should be laid in full beds of mortar, filling end and side 
joints in one operation. This operation is simple and easy with 
skilful masons — if they will do it — but it requires persistence to get 
it accomplished. Masons have a habit of laying brick in a bed of 
mortar, leaving the vertical joints to take care of themselves, throwing 
a little mortar over the top beds and giving a sweep with the trowel 
which more or less disguises the open joint below. They also have 
a way after mortar has been suflBciently applied to the top bed of 
brick to draw the point of their trowel through it, making an open 
channel with only a sharp ridge of mortar on each side (and generally 
throwing some of it overboard), so that if the succeeding brick is 
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taken up it will show a clear hollow, free from nioitar through the 
bed. This enables them to bed the next brick with more facility 
and avoid pressure upon it to obtain the requisite thickness of joint. 

■ I I.I I.L 

' I ' a ' ^ 

I I 1 I I V i i, , 
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Common Bond. English Bond. Flemish Bond. 

Fig. 31. Bond Used in Brick Masonry. 

With ordinary interior work a common practice is to lay brick 
with J and f-inch mortar joints; an inspector whose duty is to keep 
joints down to J or f inch will not have an enviable task. 

Neglect in wetting the brick before use is the cause of most of 
the failures of brickwork. Bricks have a great avidity for water, and 
if the mortar is stiff and the bricks dry, they will absorb the water 
so rapidly that the mortar will not set properly, and will crumble in 
the fingers when dry. Mortar is sometimes made so thin that the 
brick will not absorb all the water. This practice is objectionable; 
it interferes with the setting of the mortar, and particularly with the 
adhesion of the mortar to the brick. Watery mortar also contracts 
excessively in drying (if it ever does dry), which causes undue settle- 
ment and, possibly, cracks or distortion. 

The bricks should not be wetted to the point of saturation, or 
they will be incapable of absorbing any of the moisture from the 
mortar, and the adhesion between the brick and mortar will be weak. 

The common method of wetting brick by throwing water from 
buckets or spraying with a hose over a large pile is deceptive, the 
water reaches a few brick on one or more sides and escapes many. 
Immersion of the brick for from 3 to 8 minutes, depending upon its 
(juality, is the only sure method to avert the evil consequences of 
using dry or partially wetted brick. 

Strict attention must be paid to have the starting course level, 
for the brick being of equal thickness throughout, the slightest 
irr^ularity or incorrectness in it will be carried into the superposed, 
courses, and can only be rectified by using a greater or less quantity 
of mortar in one part or another, a course which is injurious to the 
work. 
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A common but improper method of building thick brick walls 
is to lay up the outer stretcher courses between the header courses, 
and then to throw mortar into the trough thus formed, making it 
semi-fluid by the addition of a large dose of water, then throwing in 
the brick (bats, sand, and rubbish are often substituted for bricks), 
allowing them to find their own bearing; when the trough is filled it 
is plastered over with stiflf mortar and the header course laid and the 
operation repeated This practice may have some advantage in 
celerity in executing work, but none in strength or security. 

Amount of Mortar* The thickness of the mortar joints 
should be about J to f of an inch. Thicker joints are very common, 
but should be avoided. If the bricks are even fairly good the mortar 
is the weaker part of the wall; hence the less mortar the better. 
Besides, a thin layer of mortar is stronger under compression than a 
thick one. The joints should be as thin as is consistent with their 
insuring a uniform bearing and allowing rapid work in spreading the 
mortar. The joints of outside walls should be thin in order to de- 
crease the disintegration by weathering. The joints of inside walls 
are usually made from f to ^-inch thick. 

The proportion of mortar to brick will vary with the size of the 
brick and with the thickness of the joint. With the standaixl brick 
(SJ X 4 X 2J inches), the amount of mortar required will be as 
follows : 

Thickness of Joints. Mortar required. 

Per Cubic Yard. Per 1,000 Brick. 

Cubic Yards. Cubic Yanls. 

i to t inch 0.30 to 0.40 0.80 to 0.90 

J " i " 0.20 " 0.30 0.40 " 0.60 

i " " 0.10 '' 0.15 0.15 " 0.20 

Face or Pressed Brick Work, This term is applied to the 
facing of walls with better bricks and thinner joints than the backing. 
The bricks are pressed, of various -colors, and are laid in colored 
mortar. The bricks are laid in close joints, usually ^-inch thick, and 
set with an imperceptible batter in themselves, which may not be 
seen when looking at the work direct, but which makes the joint a 
prominent feature and gives the work a good appearance. The 
brick of each course must be gauged with care and exactness, so 
that the joints may appear all alike. The bond used for the face of 
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the wall is called the "running bond," the bricks are clipped on the 
back, and a binder placed transversely therein to bond the facing 
to the backing. The joints in the backing being thicker than those 
of the face work, it is only in every six or seven courses that they come 
to the same level, so as to permit headers being put in. This class 
of work requires careful watching to see that the binders or headers 
are put in ; it frequently happens that the face work is laid up without 
haviiig any bond with the backing. 

In white-joint work the mortar is composed of white sand and 
fine lime putty. The mason when using this mortar spreads it care- 
fully on the bed of the brick which is to be laid in such a way that 
when the brick is set the mortar will protrude about an inch from the 
face of the wall. When there are a number laid, and before the 
mortar becomes too hard, the mortar that protrudes is cut off flush 
with the wall, the joint struck downwards, and the upper and lower 
edges cut with a knife guided by a small straight edge. When the 
front is built, the whole is cleaned down with a solution of muriatic 
acid and water, not too strong, and sometimes oiled with linseed oil 
cut with turpentine, and applied with a flat brush. After the front 
is thoroughly cleaned with the muriatic acid solution, it should be 
washed with clean water to remove all remains of the acid. 

When colored mortars are required, the lime and sand should 
be mixed at least 10 days before the colored pigments are added to 
it, and they should be well soaked in water before being added to 
the mortar. 

BRICK MA50NRY IMPERVIOUS TO WATER. 

It sometimes becomes necessary to prevent the percolation of 
water through brick walls. A cheap and effective process has not yet 
been discovered, and many expensive trials have proved failures. 
Laying the bricks in asphaltic mortar and coating the walls with 
asphalt or coal tar are successful. " Sylvester's Process for Repelling 
Moisture from External Walls," has proved entirely successful. The 
process consists in using two washes for covering the surface of the 
walls, one composed of Castile soap and water, and one of alum and 
water. These solutions are applied alternately until the walls are 
made impervious to water. 
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EFFLORESCENCE. 

Masonry, particularly in moist climates or damp places, is fre- 
quently disfigured by the formation of a white efflorescence on the 
surface. This deposit generally originates with the mortar. The 
water which is absorbed by the mortar dissolves the salts of soda, 
potash, magnesia, etc., contained in the lime or cement, and on 
evaporating deposits these salts as a white efflorescence on the surface. 
With lime mortar the deposit is frequently very hea\y, and, usually, 
it is heavier with Ilosendale than with Portland cement. The efflor- 
escence sometimes originates in the brick, particularly if the brick 
was burned with sulphurous coal or was made from clay containing 
iron pyrites; and when the brick gets wet the water dissolves the 
sulphates of lime and magnesia, and on evaporating leaves the 
crystals of these salts on the surface. The crystallization of these 
salts within the pores of the mortar and of the brick or stone causes 
disintegration, and acts in many respects like frost, j 

The efflorescence may be entirely prevented by applying "Syl- 
vester's" washes, composed of the same ingredients and applied in 
the same manner as for rendering masonry impervious to moisture. 
If can be much diminished by using impervious mortar for the face 
of the joints. 

REPAIR OF ilASONRY. 

In effecting repairs in masonry, when new work is to be con- 
nected with old, the mortar of the old must be thoroughly cleaned 
off along the surface where the junction is to be made and the surface 
thoroughly wet. The bond and other arrangements will depend 
upon the circumstances of the case. The surfaces connected should 
be fitted as accurately as practicable, so^hat by using but little mortar 
no disunion may take place from settling. 

As a rule, it is better that new work should butt against the old, 
either with a straight joint visible on the face, or let into a chase, 
sometimes called a "slip-joint," so that the straight joint may not 
show; but if it is necessary to bond them together the new work 
should be built in a quick-setting cement mortar and each part of it 
allowed to set before being loaded. 

In pointing old masonry all the decayed mortar must be com- 
pletely raked out with a hooked iron point and the surfaces well 
wetted before the fresh mortar is applied. 
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HASONRY STRUCTURES. 

The component parts of masonry structures may be divided 
into several classes according to the efforts they sustain, their fonns 
and dimensions depending on these efforts. 

1. Those which sustain only their own weight, and are not 
liable to any cross strain upon the blocks of which they are composed, 
as the walls of enclosures. 

2. Those which, besides their own weight, sustain a vertical 
pressure arising from a weight borne by them, as the walls of edifices, 
columns, the piers of arches, bridges, etc. 

3. Those which sustain lateral pressures and cross strains, 
arising from the action of earth, water, frames, arches, etc. 

4. Those which sustain a vertical upward or downward pres- 
sure, and a cross strain, as lintels, etc. 

5. Those which transfer the pressure they directly receive to 
lateral points of support, as arches. 

WALLS. 

Walls are constructions of stone, brick, or other materials, and 
serve to retain earth or water, or in buildings to support the roof and 
floors and to keep out the weather. The following points should be 
attended to in the construction of walls: 

The whole of the walling of a building should be carried up 
simultaneously; no part should be allowed to rise more than about 
3 feet above the rest; otherwise the portion first built will settle down 
to its bearings before the other is attached to it, and then the settle- 
ment which takes place in the newer portion will cause a rupture, 
and cracks will appear in the structure. If it should be necessary 
to carry up one part of a wall before the other, the end of that portion 
first built should be racked back, that is, left in steps, each course pro- 
jecting farther than the one above it. 

Work should not be hurried along unless done in cement mortar, 
but given time to settle to its bearings. 

Thickness of Walls. The thickness necessary to be given 
walls depends upon the height, length, and pressure of the load, 
wind, etc., and may be determined from that section of applied me- 
chanics termed * Stability of Structures." In practice, however, 
these calculations are rarely made except for the most important 
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structures, for the reason that if a vertical wall be properly con- 
structed upon a sufficient foundation, the combined mass will retain 
its position, and bear pressure acting in the direction of gravity, to 
any extent that the ground on which it stands and the component 
materials will sustain. But pressure acting laterally has a tendency 
to overturn the wall, and therefore it must be the aim of the con- 
structor to compel as far as possible, all forces that can act upon an 
upright wall to act in the direction of gravity. 

In determining thickness of walls the following general prin- 
ciples must be recognized : 

1. That the center of pressure (a vertical line through the center 
of gravity of the weight), shall pass through the center of the area of 
the foundation. If the axis of pressure does not coincide exactly 
with the axis of the base, the ground will yield most on the side which 
is pressed most ; and as the ground yields, the base assumes an inclined 
position, and carries the lower part of the structure with it, producing 
cracks, if nothing more. 

2. That the length of a wall is a source of weakness and that 
the thickness should be increased at least 4 inches for every 25 feet 
over 100 feet in length. 

3. That high stories and clear spans exceeding 25 feet require 
thick walls. 

4. That walls of warehouses and factories require a greater 
thickness than those used for dwellings or offices. 

5. That walls containing openings to the extent of 33 per 
cent of the area should be increased in thickness. 

6. That a wall should never be bonded into another wall 
either much heavier or lighter than itself. 

In nearly all of the larger cities the minimum thickness of walls 
is prescribed by ordinance. 

The accompanying table gives the more usual dimensions: 
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RETAININQ WALLS. 



A retaining wall is a wall built for the purpose of "retaining" 
or holding iip earth or water. In engineering practice such walls 
attain frequently large proportions, being used in the construction of 
railroatls, docks, waterworks, etc. 

The form of cross-section varies considerably accortling to cir- 
cumstances, and often according to the fancy of the designer. The 



more usual forms are shown in Figs. 22 to 25. The triangular section 
is the one which is theoretically the most economical, and the nearer 
that practical consideration will allow of its being conformed to 
the better. 

All other tnmgs being equal, the greater the face batter the 

greater will be the stability of the wall; but considerations connected 

with the functions of the wall limit tlie full application of this con- 

' dition, and walls are usually constructed with only a moderate batter 

on the face, the diminution towards the top being obtained by a back 
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batter worked out in a series of offsets. Walls so designed contain 
no more material and present greater resistance to overturning than 
walls with vertical backs. 

Dry stone retaining walls are best suited for roads on account of 
their self-draining properties and their cheapness. If these dry walls 
are properly filled in behind with stones and chips, they are, if well 
constructed, seldom injured or overthrown by pressure from behind* 
if the stone is stratified with a flat cleavage, the construction of retain- 
ing and parapet walls is much facilitated. If the stone has no natural 
cleavage, great care is necessary to obtain a proper bond. If walls 
built of such stone are of (»oursed rubble, care is required that the 
masons do not sacrifice the strength of the walls to the face appearance. 
The practice of building walls with square or rectangular-faced 
stones, tailing off behind, laid in rows, one course upon the other, 
the rear portions of the walls being of chips and rough stones, set 
anyhow, cannot be condemned too strongly. Such a construction, 
which is very common, has little transverse and no longitudinal 
strength. 

I^ittle or no earth should be used for back filling if stone is avail- 
able. Where earth filling is used, it should only be thrown in and 
left to settle itself; on no account should it be wetted And rammed. 

Thickness of Walls. Retaining walls require a certain 
thickness to enable them to resist being overthrown by the thrust of 
the material which they sustain. The amount of this thrust depends 
upon the height of the mass to be supported and upon the quality of 
the material. 

5urchars:ed Walls. A retaining wall is said to be surcharged 
when the bank it retains slopes backwards to a higher level than the 
top of the wall ; the slope of the bank may be either equal to or less, 
but cannot be greater, than the angle of repose of the earth of the 
bank. 

Proportions of Retaining Walls. In determining the. pro* 
portions of retaining walls experience, rather than theorj% must be 
our guide. The proportions will depend upon the character of the 
material to he retained. If the material be stratified rock with inter- 
posed beds of clay, earth, or sand, and if the strata incline toward 
the wall, it may require to be of far greater thickness than any ordi- 
nary retaining wall; because when the thin seams of earth become 



807 



M MASONRY COXSTRUCTION 



soft/sned by infiltrating rain, they act as lubricants, like soap or tallow, 
to facilitate the sliding of the rock strata; and thus bring an enormous 
pressure against the wall. Or the rock may be set in motion by the 
action of frost on the clay seams. Even if there be no rock, still if 
the strata of soil dip toward the wall, there will always be danger 
of a similar result; and additional precautions must be adopted, 
especially when the strata reach to a much greater height than 
the wall. 

The foundation of retaining walls should be particularly secure; 
the majority of failures which have occurred in such walls have been 
due to defective foundations. 

Failure of Retaining: Walls. Retaining walls generally fail 
(1) by overturning or by sliding, or (2) by bulging out of the body of 
the masonry. Sliding may be prevented by inclining the courses 
inward. An objection to this inclination of the joints in dry walls 
is that rainwater, falling on the battered face, is thereby carried 
inwards to the earth backing, which thus becomes soft and settles. 
This objection may be overcome by using mortar in the face joints 
to the depth of a foot, or by making the face of the wall nearly 
vertical. 

Protection of Retaining: Wails. The top of the walls 
should be protected with a coping of large heavy stones laid as headers. 

Where springs occur behind or below the wall, they must be 
carried away by piping or otherwise got rid of. 

The back of the wall should be left as rough as possible, so as 
to increase the friction of the earth against it. 

Weep Holes. In masonry walls, weep holes must be left at 
frequent intervals, in very wet localities as close as 4 feet, so as to 
permit the free escape of any water which may find its way to the 
back of the wall. These holes should be about 2 inches wide an 1 
should be backed with some permeable material, such as graveL 
broken stone, etc. 

Formula for Calculating: Thiclcness of Retaining: Walls. 
E = weight of /earthwork per cubic yard. 
W= weight of wall j)er cubic yard. 
H = height of wall. 
T = thickness of wall at top. 
T = H X tabular number (Table 12). 
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TABLE 12. 
Coefficients for Retaining: Wails. 
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Retaining walls of dry stone should not be less than 3 feet thick 
at top, with a face batter of 1 in 4 and back perpendicular, the courses 
laid perpendicular to the face batter. Weep holes are unnecessary 
unless the walls are in very wet situations. 

Retaining walls of masonrj' should be at least 2 feet thick at top, 
back perpendicular and face battered at the rate of 1 in 6. 

Surcharged Wails. In calculating the strength of surcharged 
walls substitute Y for H, Y being the perpendicular at the end of a 
line, L = H measured along the slope to be retained (Fig. 26). 

Y = 1.7 1 H in slopes of 1 : 1; 
= 1.55H " *' " 1\ 
= 1.3oH " " " 2 
= 1.31H " " " 3 



= 1.24H 
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1; 

1; 

1; 
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DESCRIPTION OF ARCHES. 

Baslcet- Handle Arch : One in which the intrados resembles 
a semi-ellipse, but is composed of arcs of circles tangent to each other 

Circular Arch : One in which the intrados is a part of a circle. 

Discharging Arch : An arch built above a lintel to take the 
superincumbent pressure therefrom. 

Elliptical Arch : One in which the intrados is a part of an 
ellipse. 

Geostatic Arch: An arch in equilibrium under the vertical 
pressure of an earth embankment. 

Hydrostatic Arch : An arch in equilibrium under the vertical 
pressure of water 
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Inverted Arches are like ordinary arches, but are built with 
the crown downwards. They are generally semicircular or segmental 
in section, and are used chiefly in connection with foundations. 

Plain or Rough Arches are those in which none of the bricks 
are cut to fit the splay. Hence the joints are quite close to each other 
at the soflBt, and wider towards the outer curve of the arch; they are 
generally used as relieving ami t rimer arches^ for tunnel lining^ 
and all arches wher^ strength is essential and appearance no par- 
ticular object. In constructing arches of this kind it is usual to form 
them of two or more four-inA concentric rings until the required 
thickness is obtained. Each of the successive rings is built inde- 
pendently, having no connection with the others beyond the adhesion 
of the mortar in the ring joint. It is necessary that each ring should 
be finished before the next is commenced; also that each course be 
bonded throughout the length of the arch, and that the ring joint 
should be of a regular thickness. For if one ring is built with a thin 
joint and another with a thick one the one having the most mortar will 
shrink, causing a fracture and depriving the arch of much of its 
strength. 

Pointed Arch : One in which the intrados consists of two arcs 
of equal circles intersecting over the middle of the span. 

Relieving Arch : See Discharging Arch. 

Right Arch : A cylindrical arch either circular or elliptical, 
terminated by two planes, termed h^ads of the arch, at right angles 
to the axis of the arch. 

Segmental Arch: One whose intrados is less than a semicircle. 

Semicircular Arch: One whose intrados is a semicircle; also 
called a jull^eniered arch. 

Skew Arch : One whose heads are oblique to the axis. Skew 
arches are quite common in Europe, but are rarely employed in the 
United States; and in the latter when an oblique arch is employed it 
is usually made, not after the European method with spiral joints, 
but by building a number of short right arches or ribs in contact with 
each other, each successive rib being placeil a little to one side of its 
neighbor. 

DEFINITIONS OF PARTS OF ARCHES. 

Abutment : The outer wall that supports the arch, and which 
connects it to the adjacent banks. 



8t0 



MASONRY CONSTRUCTION 97 



Afx:h Sheetins: : The voussoirs which do not show at the end 
of the arch. 

Camber is a slight rise of an arch, as ^ to J inch per foot 
of span. 

Crown : The highest point of the arch. 

Extrados : The upper and outer surface of the arch. 

Haunches: The sides of the arch from the springing 
line half way up to the crown. 

Heading;: Joint : A joint in a plane at right angles to the axis 
of the arch. It is not continuous. 

Intrados or Soffit: The under or lower surface of the arch. 

Invert: An inverted arch,. one with its intrados below the axis 
or springing line; e.g., the lower half of a circular sewer. 

Keystone : The center voussoir at the crown. 

Length : The distance between face stones of the arch. 

Pier: The intermediate support for two or more arches. 

Ring Course : A course parallel to the face of the arch. 

Ring Stones : The voussoirs or arch stones which show at 
the ends of the arch. 

Rise : The height from the springing line to under side of the 
arch at the keystone. 

Skew Back : The upper surface of an abutment or pier from 
which an arch springs; its face is on a line radiating from the 
center of the arch. 

Span : The horizontal distance from springing to springing of 
the arch. 

Spandrel : The space contained between a hori7X)ntal line 
drawn through the crown of the arch and a vertical line drawn through 
the upper end of the skew back. 

Springing : The point from which the arch begins or springs. 

Springer : The lowest voussoir or arch stone. 

String Course : A course of voussoirs extending from one 
end of the arch to the other. 

Voussoirs : The blocks forming the arch. 

Arches: The arch is a combination of wedge-shaped blocks, 
termed arch stones, or voussoirs, truncated towards the angle of the 
wedges by a curved surface which is usually normal to the surfaces 
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of the joints l)etween the blocks. This inferior surface of the ardi 
is termed the soffit. The upj^r or outer surface of the arch is termed 
the back. 

"The extreme blocks of the arch rest against lateral sup{x>Tts, 
termed abutments, which sustain both the vertical pressure arising 
from the weight of arch stones, and the weight of whatever lies upon 
them; also the lateral pressure caused by the action of the arch. 

The forms of an arch may be the semicircle, the s^ment, or a 
compound cur\'e formed of a numl)er of circular cur\'es of different 
nulii. Full center arches, or entire semicircles, offer the advantages 
of simplicity of form, great strength, and small lateral thrust; but if 
the span is large they recjuire a correspondingly great rise, which is 
often objectionable. The flat or segmental arch enables us to reduce 
the rise, but it throws a great lateral strain upon the abutments. The 
compound curve gives, when properly proportione<l, a strong arch 
with a moderate lateral action, is easily adjustable to different ratios 
between the span and the rise, and is unsurpassed in its general 
appearance. In striking the compound curve, the following con- 
ditions are to be observed: The tangents at the springing must be 
vertical, the tangent at the crown horizontal, and the number of 
centers must l)e uneven, cur\'es of 3 and 5 centers will be found to 
fulfil all requirements. 

In designing an arch the first step is to determine the thickness 
at the crown, i,e., the depth of the keystone. This depth depends 
upon the form, and rise of the arch, the character of the masonry, 
and the quality of the stone; and is usually determined by Trautwnne's 
formula, which is as follows for a first-class cut stone arch whether 
circular or elliptical. 



D = LA--l-« + 0. 2. 

in which 

D = the depth at the crown in feet. 

R = the radius of curv^ature of the intrados in feet. 

S = the span in feet. 
For second-class work, the depth found by this formula may be 
increased about one-eighth part; and for brickwork or fair rubble, 
about one-third. 
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Table 13 gives the depth of keystone for semicircular arches, 
the second column being for hanmier-dressed beds, the third for beds 
roughly dressed with the chisel, and the fourth for brick masonry. 



TABLE 13. 







Thickness of Arch In inches. 




Span In fei»t. 

















First-class Masonry'. 
12 


Second-class Masonry 


Brick Masonry. 




6 


15 


12 




8 


13 


16 


16 




10 


14 


17 


20 




12 


15 


19 


20 




14 


16 


20 


24 




!6 


17 


21 


24 




18 


18 


23 


24 




20 


19 


24 


24 




25 


20 


25 


28 




30 


21 


26 28 




35 


22 


28 28 




40 


23 


29 32 




45 


24 


30 32 




50 


25 


31 32 

1 



Thickness of Arch at the Sprins^ing. Generally the thick- 
ness of the arch at the springing is found by an application of 
theory. 

If the loads are vertical, the horizontal component of the 
compression on the arch is constant; and hence, to have the 
mean pressure on the joints uniform, the vertical projection of the 
joints should be constant. This principle leads to the following 
formula: 

The length measured radially of each joint between the joint of 
rupture and the croum should be such that its vertical projectum is equal 
to the depth of the keystone. 

The length of the joint of rupture, i,e., the thickness of the arch 
at the practical springing line, can be computed by the formula 

z = d sec a 
in which z is the length of the joint, 
d the depth of the crown, 
a the angle the joint makes with the vertical. 
The following, are the values for circular and segmental arches: 
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in which R = the rise, in feet 
S = the span, in feet. 

Thickness of the Abutments, The thickness of the abut- 
ment is determined by the following fonnula: 

/ -- 0.2 p + 0.1 R + 2.0 
in which t is the thickness of the abutment at the springing, p the 
radius, and R the rise — all in feet. 

The above formula. appUes equally to the smallest culvert or the 
largest bridge — whether circular or elliptical, and whatever the pro- 
portions of rise and span — and to any height of abutment. 

Table 14 gives the minimum thickness of abutments for arches 
of 120 degrees where the depth of crown does not exceed 3 feet. 

Calculated frr)m the formula 



2E' 



T=V«. + (-)'. 



in which D = depth or thickness of crown in feet; 

H == height of abutment to. springing in feet; 

R = radius of arch at crown in feet; 

T = thickness of abutment in feet. 
Arches fail by the crown falling inward, and thrusting outward 
the lower portions, presenting five points of rupture, one at the key- 
stone, one on each side of it which limit the portions that fall inward, 
and one on each side near the springing lines which Umit the parts 
thrust outward. In pointed arclies, or those in which the rise is 
greater than half the span, the tending to yielding is, in some cases, 
different; and thrust upw^ard and outward the parts near the crown. 



814 



HOUSB AT CANTON. ILL. 

R. C. Spenotr. Jr., Arcbllei't. Chicago. Ill 
P«Tlug BrUk Wallas stud Frnme AIhht. Plaster on Metal I.aih. Pn 
Smlitnl Btuknls; Ked ShlnKlf Tile R<>iir. 



II 
ill 

< i "'8 



'U 



MASONRY CONSTRUCTION 



101 



TABLE 14. 

Minimum Thiclcness of Abutments for Aixhes of lao Deg^rees 
Where tlie Depth of Crown Does Not Exceed 3 Feet. 



span 


I of 
h. 




Height of Abutment to Sprli 


aging, lu feet. 




An* 








5 

1 


7.5 


10 


30 


80 


8 foot 


3.7 


4.2 


4.3 


4.6 


4.7 


9 


<< 


3.0 


4.4 


4.6 


4.9 


5.0 


10 


(( 


4.2 - 


4.6 


4.8 


5.1 


5.2 


12 


it 


4.5 


4.7 


5.2 


5.6 


5.7 


14 


(< 


4.7 ' 


5.2 


5.5 


6.0 


6.1 


1(> 


<( 


4.9 


5.5 


5.8 


6.4 


6.5 


IS 


«< 


5. J 


5.8 


6.1 


6.7 


6.9 


20 


<< 


5.3 


6.0 


6.4 


7.1 


7.2 


22 


<< 


5.5 


6.2 


6.6 


7.3 


7.6 


24 


(( 


5.(i 


6.4 


6.9 


7.6 


7.9 


30 


" 


0.0 


7.0 


7.5 


8.4 


8.8 


40 


4< 


6.5 


7.7 


8.4 


9.6 


10.0 


•50 


it 


6.9 


8.2 


9.1 


10.5 


11.1 


CO 


(< 


7.2 


8.7 


9.7 


11.4 


12.0 


70 


H 


7.4 


9.1 


10.2 


11.8 


12.9 


SO 


it 


7.6 


9.4 


10.6 


12.8 


13.6 


90 


it 


7.S 


9.7 


11.0 


13.4 


14.3 


100 


it 


, 7.9 

1 


10.0 


11.4 


14.0 


15.0 








._ 









NoTK. The thickness of abutment for a semicircular arch may be taken from the 
above table by considering It as approximately equal to that for an arch of 130 degrees 
having ih«» same ra<llus of curvature: therefore by dividing the span of the Remlclrcular 
arch by LIIVS It will give the span of the 120-degree arch requiring the same thickness of 
abutment. 

The angle which a line drawn from the center of the arch to the 
joint of nipture makes with a vertical line is called the angle of rupture. 
This term is also used when the arch is stable, or where there is no 
joint of rupture, in which case it refers to that point about which there 
is the greatest tendency to rotate. It may also be defined as including 
that portion of the arch near the crowTi which wnll cause the greatest 
thrust or horizontal pressure at the crown. This thrust tends to 
crush the vousitoirs at the crown, and also to overturn the abutments 
about some outer joint. In verj' thick arches rupture may take place 
from slipping of the joints. 

In onler to avoid any tendency of the joints to open, the arch 
should \ye so designed that the actual resistance line shall everywhere 
be within the middle third of the depth of the arch ring. 

In general the design of an arch is reached by a series of approx- 
imations. Thus, a form of arch and spandrel must be assumed in 
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advance in order to find their common center of gravity for the pur- 
pose of determining the horizontal thrust at the crown, and the 
reaction at the skewback. 

Backing. The backing is niasonry of inferior quality or con- 
crete, laid outside and atmve the arch stones proper, to give ad<htional 




(. 3ft Flat Anh, Fit;. SI- Relieving Arch, 

security. Ordinarily, the ba<'king has a zero thickness at or near 
the crown, and gradually increases to the upringing line. 

Spandrel Filling. Since the surface of the roadway must 
not deviate from a horizontal line, a considerable quantity of material 
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is required above the backing to bring the roadway level. Ordinarily 
this space is filled with earth, gravel, broken stone, cinders, etc. 
Sometimes to save filling small arches are built over the haunches 
of the main arch. 

Drainage. The drainage of arch bridges of more than one 
span is generally effected by giving the top surface of the backing a 
slight inclination from each side toward the center of the width of the 
bridge and also from the center toward the end of the span. The 
water is thus collected over the piers, from whence it is discharged 
through pipes laid in the masonry. 

To prevent leakage through the backing and through the arch 
sheeting, the top of the former should be covered with a layer of 
puddle, or plastered with a coat of cement mortar, or painted with 
coal tar or asphaltum. 

Brick Arches. The only matter requiring special mention in 
connection with brick arches is the bond to be employed. When 
the thickness of the arch exceeds a brick and a half, the bond from 
the soffit outward is a very important matter. There are three 
principal methods employed in bonding brick arches: (1) The arch 
may be built in concentric rings; i.e., all the brick may be laid as 
stretchers, with only the tenacity of the mortar to unite the several 
rings. This method is called rowlock bond: (2) Part of the brick 
may be laid as stretchers and part as headers, by thickening the outer 
ends of the joints — either by using more mortar or by driving in thin 
pieces of slate, so that there shall be the same number of brick in 
each ring. This form of construction is called header and stretcher 
bond: (3) Block in course bond is formed by dividing the arch into 
sections similar in shape to the voussoirs of stone arches, and laying 
the brick in each section with any desired bond. 

Skewback, In brick arches of large span a stone skewback 
is used for the arch to spring from. The stone should be cut so as 
to bond into the abutment, and the springing surface shoukl be cut 
to a true plane, radiating from the center from which the arch is 
struck. 

Flat Arches are often built over door or window openings; 
they are always liable to settle and should be supported by an 
angle bar, the vertical flange of which may be concealed behind 
the arch. 
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Relieving Arcties. This term is applied to arches turned 
over openings in walls to support the wall al)ove; beams called lintels 
are usually used in connection with this type of arch, the lintel should 
not have a bearing on the wall of more than 4 inches, and the arch 
should spring from beyond the ends of the lintel as shown in A, Fig. 31, 
and not as at B. 

CONSTRUCTION OF ARCHES. 

In constructing ornamental arches of small span the bricks 
should be cut and rubbed with great care to the proper splay or wedge 
like form necessarj', and according to the gauges or regularly measured 
dimensions. 

This is not always done, the external course only being rubbed, 
so that the work may have a pleasing appearance to the eye, while 
the interior, which is hidden from view, is slurred over, and in order 
to save time many of the interior bricks are apt to be so cut away as 
to deprive the arch of its strength. This class of work produces 
cracks and causes the arch to bulge forward, and may cause one of 
the bricks of a straight arch to drop down lower than the soffit. 

In setting arches the mason should be sure that the centers are 
set level and plumb, that the arch brick or stone may rest upon them 
square. When the brick or stone are properly cut beforehand the 
courses can be gauged upon the center from the key downwards. 
The soffit of each course should fit the center perfectly. 

Tlie mortar joints should be as thin as possible and w^ell flushed up. 

In setting the face stones it is necessary to have a radius line, and 
draw it up and test the setting of each stone as it is laid. 

The framing, setting up, and striking of the centers are very 
important parts of the construction of any arch, particularly one 
of long span. A change in the shape of the center, due to insufficient 
strength or improper bracing, will be followed l)y a change in the 
curve of the intrados, and consequently of the line of resistance, 
which may endanger the safety of the arch itself. 

CENTERiNQ FOR ARCHES. 

No arch becomes self-supporting until keyed up, that is, until 
the crown or keystone course is laid. Until that time the arch ring, 
which should be built up simultaneously from both abutments, has 
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to be supported by frames called centers, Tliese consist of a series 
of ribs placed from 3 to 6 or more feet apart, supporte<l from below. 
The upper surface of these ribs is cut to the form of the arch, and over 
these a series of planks called laggings are placed, upon wliicli the 
arch stones directly rest. The ribs may be of ttm!>er or iron. They 
should lie strong and stiff. Any deformation that occurs in the rib 
will distort the arch, and may even result in its collapse. 

Striking the Center. The ends of the ribs or center frames 
usually re.st upon a timber lying parallel to, and near, the springing 
line of the arch. This tim- 
ber is supporteil by wedges, 
preferably of hardwood, rest- 
ing upon a second stick, which 
is in turn supported by wooden 
posts, usually one under each 
end of each rib. The wedges 
tietween the two timbers, as 
alxive, are use<l in removing 
the center after the arch is 
completed, and are known as 
striking wcclgcs. They consist 
of a pair of folding we<lges, 1 
to 2 feet long, 6 inches wide, 
and having a slope of from 1 
to f) to 1 to 10, placed imder 
each end of each rib. It is 
necessary' to remove the cen- 
ters slowly, particularly for 
large arches; and hence the -— ""i^w-j-jw^cw*,/ 

. ., . , L ij u Fig. S3. Arch Ceil 'IT. 

stnking wedges should nave 

a verj' slight taper, the larger the span the smaller the taper. 

The center is lowered by driving back the wedges. To lower 
the center uniformly the wedges must be driven hack unifonniy. 
This is most easily accomplished by making a mark on tlie side of 
each pair of wedges before commencing to drive, and tiieii moriug 
each the same amount. 

Tlie inclined surfaces of tlie wedges should be ItLliriiate'l when 
the center is set up, so as to facilitate the striking. 
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Screws may be used instead of wedges for lowering centers. 

Sand is also employed for the same purpose. The method fol- 
lowed is to support the* center frames by wooden pistons or plungers 
resting on sand confined in plate-iron cylinders. Near the bottom 
of each cylinder there is a plug which can be withdrawn and replaced 
at pleasure, thus regulating the outflow of the sand and the descent 
of the center. 

There is great difference of opinion as to the proper time for 
striking centers. Some hold that the center should be struck as 
soon as the arch is completed and the spHmdrel filling is in place; 
while others contend that the mortar should be given time to harden. 
It is probably best to slacken the centers as soon as the keystone 
course is in place, so as to bring all the joints under pressure. The 
length of time which should elapse before the centers are finally 
removed should vary with the kind of mortar employed and also 
with its amount. In brick and rubble arches a lai^e proportion of 
the arch ring consists of mortar, and if the center is removed too soon 
the compression of this mortar might cause a serious or even dangerous 
deformation of the arch. Hence the centers of such arches should 
remain until the mortar has not only set, but has attained a con- 
siderable part of its ultimate strength. 

Frequently the centers of bridge arches are not removed for 
three or four months after the arch is completed, but usually the 
centers for the arches of tunnels, sewers, and culverts are removed 
as soon as the arch is turned and, say, half of the spandrel filling 
is in place. 

BRIDGE ABUTMENTS. 

Form. There are four forms of abutment in use, they are named 
according to their form as the straight abutment, the vring abutment, 
the U abutment and the T abutment. 

The fonn to be adopted for any particular case will depend 
upon the location — whether the banks are low and flat, or steep and 
rocky, whether the current is swift or slow, and also upon the relative 
cost of earthwork and masonry. Where a river acts dangerously 
upon a shore, wing walls will be necessary. These wings may be 
curved or straight. The slope of the wings may be finished with an 
inclined coping, or offset at each course. Wing walls subjected to 
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special strains, or to particular currents of water require positions 
and forms accordingly. 

The abutment of a bridge has two offices to perfonn; (1) to 
support one end of the bridge, and (2) to keep the earth embankment 
from sliding into the water. 

The abutment may fail (1) by sliding fonvard, (2) by bulging, 
or (3) by crushing. 

The dimensions of abutments will vary with each case, with 
the form and size of the bridge and with the pressure to be sustained ; 
the dimensions may be determined by the same formulas as used 
for retaining walls. 

For railroad bridges the top dimensions are usually 5 feet wide 
by 20 feet long. The usual batter is 1 in 12, for heights under 20 
feet the top dimensions and the batter detennine the thickness at the 
bottom. For greater heights, the uniform rule is to make the thick- 
ness four-tenths the height. 

Bridge abutments are built of first or second-class masonry or 
of concrete alone or faced wnth stone masonry, according to the im- 
portance and location of the structure. 

BRIDGE PIERS, 

The thickness of a pier for simply supporting the weight of the 
superstructure need be but very little at the top, care being taken to 
secure a sufficient bearing at the foundation. Piers should be thick 
enough, however, to resist shpcks and lateral strains, not only from 
a passing load, but from floating ice and ice jams; and in rivers where 
a sandy bottom is liable to deep scouring, so that the bottom may 
work out much deeper on one side of a pier than on the other, regard 
should be paid to the lateral pressure thus thrown on the pier. For 
mere bearing purposes the following widths are ample for first-class 
masonry — span 50 feet, wndth 4 feet, span 200 feet, width 7 feet. 
Theoretically the dimensions at the bottom are determined by the 
area necessary for stability; but the top dimensions required for the 
bridge seat, together with the batter, 1 in 12 or 1 in 24, generally 
make the dimensions of the base sufficient for stability. 

The up-stream end of a pier, and to a considerable extent the 
down-stream end also, should be rounded or pointed to serve as a 
cutwater to turn the current aside and to prevent the formation of 
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whirls which act upon the bed of the stream around the foundation, 
and also to form a fender to protect the pier proper from being dam- 
aged by ice, tugs, boats, etc. This rounding or pointing is designated 
by the name starling, the best form appears to be a semi-ellipse. 
The distance to which they should extend from the pier depends 
upon local circumstances. 

A bridge pier may fail in any one of these ways; (1) by sliding 
on any section on account of the action of the wind against the ex- 
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Fig. 35. Type of Bridge Pier. 



posed part of the pier; (2) by overturning at any section where the 
moment of the horizontal forces above the section exceeds the moment 
of the weight of the section ; or (3) by crushing at any section under 
the combined weight of the pier, the bridge and the load. Bridge 
piers are usually constructed of quarry-faced ashlar backed with 
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rubble or concrete. Occasionally, for economy, piers, particularly 
pivot-piers, are built hollow — sometimes with and sometimes without 
cross walls. 

CULVERTS. 

Culverts are employed for conveying under a railroad, highway, 
or canal the small streams crossed. They may be of stone, brick, con- 
crete, earthenware, or iron pipe or any of these in combination. Two 
general forms of masonry culverts are in use, the box and the arch. 

Box Culverts. The box con^sts of vertical side walls of 
masonry with Sagstones on top extending from one wall to another. 

The foundation consists of large stones and the side walla may 
be laid dry or in mortar. 




Fig. 3& End Elev&tiou. 




FlR.S 



The paving should be laid independent of the walls and should 
be set in cement mortar, ITie end walls are finished either with a 
plain wall perpendicular to the axis of the culvert and may be stepped, 
or provided with wing walls as the circumstances of each case may 
require. 

The thickness of the cover stone may be determined by con- 
sidering it as'a beam supported at the ends and loaded uniformly. 
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Figs. 3() to 30 show the form of this class of culverts and the 
dimensions given in Table 1 o will serve as an approximate guide for 
general use. 



TABLE 15. 
Dimensions for Box Culverts. 



Area. 


()l«*ninK. 


Side Wall. 

1 


Depth 


of Cover. 


Length of C 


4 f(M^t 


2' X 2' 


2' X 2' ' 


12 


inches 


5 feet 


9 " 


3 X 3 


3 X 2\ ' 


16 


(t 


6 *' 


16 " 


4X4 


4 X 3 


20 


(( 


7 " 


25 " 


5 X 5 


5 X 3i 


22 


<< 


8 " 


36 " 


() X 


6X4 1 


24 


t < 


9 " 



Arch Culverts. The dimensions of arch culverts are deter- 
mine<l in the manner described herein under arches, attention, how- 
ever, being given to the following points : 

Wing Walls. There are three common ways of arranging the 
wing walls at the end of arch culverts: (1) The culvert is finished 
with straight walls at right angles to the axis of the culvert. (2) The 
wings are placed at an angle of 30 degrees with the axis of the culvert. 
(3) The wing walls are built parallel to the axis of the culvert, the 
back of the wing and the abutment being in a straight line and the 
only splay being derived from thinning the wings at their outer edge. 
The most economical and better form for hydraulic considerations 
is the second form. 

Designing Culverts. In the design of culverts care is required 
to provide an ample way for the water to be passed. If the culvert 
is too small, it is liable to cause a washout, entailing interruption of 
traffic and cost of repairs, and possibly may cause accidents that will 
re(juire the payment of large sums for damages. On the other hand, 
if the (Uilvert is made unnecessarily large, the cost of construction is 
needlessly increased. 

The area of waterway retjuired, depends (1) upon the rate of 
rainfall; (2) the kind and condition of the soil; (3) the character and 
inclination of tlie surface; (4) the condition and inclination of the bed 
of the stream; (o) the shape of the area to be drained, and the position 
of the branches of tlie stream; ((>) the form of the mouth and the 
inclination of the l)e.l of the culvert; and (7) whether it is pennissible 
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to bac-k the water up al)ove tlie ciilwrt, tlicreliy causing it to discharge 
under a head. " 

(1) 'ITie maximum rainfall as shown by statistics is about one 
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inch per hour (excppi (hiring heavy stonns), wjuai to 3,()30 cubic feet 
per ac-re. Owing to various causes, not more ihim ">() to 75 per cent 
of this amount will reach the culvert within tiie same hour. 
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Inches of rainfall > 3fi30 -^ cubic feet per acre. 

Inches of ndnfall / 2,323,200 ^= cubic feet per square mile. 

(2) The amount of water to be drained off will depend upon 
the permeability of the surface of the ground, which wiD vary greatly 
with the kind of soil, the degree of saturation, the condition of the 
cultivation, the amount of vegetation, etc. 

(3) The rapidity with which the water will reach the water- 
course de|>ends upon whether the surface is rough or smooth, steep 
or flat, barren or covereil with v^etation, etc. 

(4) The rapidity with which the water will reach the culvert 
depends upon whether there is a well-defined and unobstructed chan- 
nel, or whether the water finds its way in a broad thin sheet. If the 
watercourse is unobstructed and has a considerable inclination, the 
water may arrive at the culvert nearly as rapidly as it falls; but if 
the channel is obstructed, the water may be much longer in passing 
the culvert than in falling. 

(;")) The area of the waterway depends upon the amount of the 
area to )>e drained; but in many cases the shape of this area and the 
position of the branches of the stream are of more importance than 
the amount of the territory. For example, if the area is long and 
narrow, the water from the lower portion may pass through the 
culvert before that from the upj^er end arrives; or, on the other hand, 
if the upper end of the area is steeper than the lower, the water from 
the former may arrive simultaneously with that from the latter. 
Again, if the lower part of the area is better supplied with branches 
than the upper jjortion, the water from the former will l>e carried past 
the culvert before the arrival of that from the^latter; or, on the other 
hand, if the upper jwrtion is better supplied with branch watercourses 
than the lower, the water from the whole area may arrive at the culvert 
at nearly the same time. In large areas the shape of the area and 
the ])o.sition of the watercourses are very important considerations. 

(()) The efficiency of a culvert may be materially increased by 
so arranging the upper end that the water may enter it without being 
retanled. The discharging capacity of a culvert can also be increased 
by increasing the inclination of its bed, provided the channel below 
will allow the water to flow away freely after having passed the culvert. 

(7) The discharging capacity of a culvert can be greatly in- 
creased by allowing the water to dam up above it. A culvert will 
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discharge twice as much under a head of four feet as under a head 
of one foot. This can be done safely only with a well-constructed 
culvert. 

The determination of the values of the different factors entering 
into the problem is almost wholly a matter of judgment. An estimate 
for any one of the alx)ve factors is liable to be in error from 100 to 200 
per cent, or even more, and of course any result deduced from such 
data must be very uncertain. Fortunately, mathematical exactness 
is not required by the problem nor warranted by the data. The 
question is not one of 10 or 20 per cent of increase; for if a 2-foot pipe 
is insufficient, a 3-foot pipe will probably be the next size, an increase 
of 225 per cent; and if a 6-foot arch culvert is too small, an 8-foot will 
be used, an increase of 180 per cent. The real question is whether 
a 2-foot pipe or an 8-foot arch culvert is needed. 

Calculating Area of Waterway, Numerous empirical for- 
mulas have been proposed for this and similar problems; but at best 
they are all only approximate, since no formjila can give accurate 
results with inaccurate data. 

The size of waterway may be * determined approximately by 
the foUow^ing fomaula: 

in which 

Q = the number of cubic feet per acre per second reaching the 

mouth of the culvert or drain. 
C = a coefficient ranging from .31 to .75, depending upon the 

nature of the surface; .62 is recommended for general 

use. 
T = average intensity of rainfall in cubic feet per acre per 

second. 
S = the general grade of the area per thousand feet. 
A = the area drained, in acres. 

CONCRETE STEEL MASONRY. 

Concrete in the form of blocks made at a factory, and concrete 
formed in place and reinforced by steel rods and bars of differing 
shapes is being substituted in many situations for stone and brick 
masonry. For the construction of bridgea and floors it is extensively 
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employed. Several systems are in use, each known by the name of 
the inventor. Fig. 44 shows the different types which are more or 
levss popular. 

The Monier type (consists of a mesh work of longitudinal and 
transverse rods of steel, usually place<l near the center line of the arch 
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Flj;. 44. Types <»f Concrett' Steel Arches. 

rib. This type rests on the theory that the steel rods will resist the 
compressive stres\ses of the rib, while the concrete acts merely as a 
stiffener to prevent the steel from buckling, 

The Melaii type consists of steel ribs eml>edded in the concrete 
and extending from abutment to abutment. Tlie ribs are in the 
form of steel I-beams curvet! to follow the center line of the arch rib. 
The steel is assupied to be sufficient to resist the bending moments 
of the arch, while tlie concrete is relied upon to resist the thrust and 
to act as fi preservative coating for the steel. 

The Von Eni]>erger arch is a modifu*ation of the Melan arch, 
the ribs are built up with tin(i:les for the flanges and diagonal lacing 
replaces the web, on the theory that the metal should be concentrated 
near the extrados of the arch to more effectually resist the bending 
moments. 
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The Thacher type is formed by omitting the web and reinforcing 
the concrete by steel bars in pairs one above the other, one near the 
extrados and one near the intrados, the steel being relied upon to 
resist the bending moments while the concrete is expected to resist 
the thrust of the arch. 

In the Hyatt arch that portion of the steel bars or rods which in 
the Thacher arch is subjected to tlie greatest compression is omitted. 

In the liUter arch the concrete rib is reinforced by tension mem-, 
bers passing from one side of the arch rib to the other. 

In the Hennebique system an arch barrel or drum, four to six 
inches in diameter, is supported by ribs of concrete below, the concrete 
of the drum being reinforced with steel rods placed near the extrados, 
and that of the ribs by steel rods near the intrados. 

Numerous forms of steel shapes are advocated for the reinforce- 
ment of concrete when employed for arches, retaining walls, etc.; 
twisted bars, corrugated bars, expanded metal and lock woven steel 
are some of the names applied to the different shapes. 

The method employed for constructing concrete walls is in brief 
as follows: A wooden form is erected, consisting of slotted standards 
made of 6-inch boards nailed together with spacing blocks between 
them at their ends, ^-inch bolts are used to join the standards on 
opposite sides of the wall. The standards are for the purpose of 
holding molding boards in j/osition while the concrete is being de- 
posited between them. These boards are of dressed pine IJ inches 
thick. After the lower portions of the concrete has set the boards 
are removed and used above. Vertical rods of twisted or corrugated 
steel are built in the wall spaced about 12 inches apart. In some 
cases level horizontal bars of steel are also embedded in the walls. 
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PRACTICAL TEST QUESTIONS. 

In the foregoing sections of this Cyclopedia 
numerous illustrative examples are worked out in 
detail in order to show the application of the various 
methods and principles. Accompanying these are 
examples for practice which will aid the reader in 
fixing the principles in mind. 

In the following pages are given a large number 
of test questions and problems which afford a valu- 
able means of testing the reader s knowledge of the 
subjects treated. They will be found excellent prac- 
tice for those preparing for College, Civil Service, 
or Engineer*s License. In some cases numerical 
answers are given as a further aid in this work. 
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1. When a |-inch round rod sustains a pull of 10,000 
pounds, what is the value of the unit-tensile stress in the rod ? 

2. What do you understand by Hooke's Law ? 

8. What are the dimensions of a square white pine post, 
needed to support a steady load of 6,500 pounds with a factor of 
safety of 8 ? 

4. How large a force is required to punch a 1-inch hole 
through a |-inch plate of wrought iron, if the ultimate shearing 
strength of the material is 40,000 pounds per square inch? 

5. Compare the ultimate strengths of wood along and across 
the grain ; also the ultimate tensile and compressive strengths of 
cast iron. 

6. Make a sketch of a beam 20 feet long resting on end 
supports, and represent loads of 6,000, 3,000, 1,000, and 4,000 
pounds at points 2, 5, 11, and 16 feet from the left end, respect- 
ively. What is the value and sign of the amount of each of these 
loads about the middle of the beam ? Also about the left end ? 

7. A beam 15 feet long is supported at two points, 2 feet 
from the right end, and 3 feet from the left end. If the beam 
sustains a uniform load of 400 pounds per foot, what are the 
values of the reactions? 

8. Compute the values of the external shear and bending 
moment for the loaded beam described in question 6, at sections 
1 4, 10, and 15 feet from the left end. 

9. Draw shear and moment diagrams to scale for the beam 
described in question 7.' 

10. Suppose a T-bar 2 inches deep, has a flange 3 inches 
wide, and is ^ inch thick throughout. Locate the center of gravity 
by computation. 
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11. Cut a piece of stiff paper to the dimenBions given in the 
preceding question, locate its center of gravity by balancing, and 
state its distance from the base as you find it by this method. 

12. Draw a 1-inch, a 2-inch, and a 3-inch square touching 
each other, so that the 2 -inch rests on the 3- inch square, and the 
1-inch on the 2-inch square, three of the sides being in the same 
line. How far from the bottom and the side is the center of 
gravity of the three squares? 

13. Compute the moment of inertia of a rectangle 2 X 16 
inches with respect to its long side. 

14. A square stick of red oak timber is to carry a com- 
pressive load of 15,000 pounds. What should be its size in order 
that the unit-stress may be one-half the ultimate strength along 
the grain ? 

15. A pressed brick 2 X 4 X 8J inches weighs about 5^ 
pounds. What will be the height of a pile of brick, so that 
the unit-stress on the lower brick shall be one-half its ultimate 
strength ? Use 8,000 pounds as the ultimate strength of the 
pressed brick. 

16. From the diagram shown on page 11, determine the 
elastic limit of wrought iron, in tension. 

17. A wrought-iron rod 2 inches in diameter sustains a 
load of 50,000 pounds. What is its working stress ? If its ulti- 
mate strength is 60,000 pounds per square inch, find its factor 
of safety. 

18. A wrought-iron bar 3 inches in diameter ruptures under 
a tension of 200,000 pounds. What is its ultimate strength? 

19. Find the diameter of a cast-iron bar designed to carry a 
tension of 250,000 pounds with a factor of safety of 6. If the bar 
were of wrought iron, what would be its diameter ? 

20. A wrought-iron bar is to be under a stress of 50,000 
pounds. Find its diameter when it is to be used in a building; 
also when it is to be used in a bridge. 

21. Find the greatest steady load a short timber post can 
sustain with safety, when it is 8 X 8 inches in cross-section and its 
ultimate compressive strength is 10,000 pounds per square inch. 

22. A wrought-iron bolt 1^ inches in diameter has a head 
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1 J inches long. If a tension of 15,000 pounds is applied to the 
bolt, find the tensile unit-stress and the factor of safety for ten- 
sion. Also find the nnit-stress tending to shear off the head of 
the bolt, and the factor of safety against shear. 

23. Find the reactions due to the loads in Fig. 9, when the 
beam is supported at its ends, and the loads are 2,000, 5,000, and 
3,000 pounds respectively. 

24. Compute the shear for sections one foot apart in the 
beam represented in Fig. 9, taking into consideration the weight 
of the beam, 500 pounds, and a distributed load of 400 pounds 
per foot, in addition to the loads as shown in Fig. 9. 

25. Construct the shear diagram for the cantilever beam 
loaded as shown in Fig. 15, when the weight of the beam is 600 
pounds, and the beam sustains a uniform load of 300 pounds 
per foot. 

26. A cantilever beam has a load of 800 pounds at its end 
and is also uniformly loaded with 125 pounds per linear foot; its 
length is 5 feet. Compute the bending moments for five sections 
one foot apart, and construct the diagrai;^ of bending moments. 

27. A deck beam used in building has a rectangular flange 
3 inches X i inch; a rectangular web 4 inches X i inch; and an 
elliptical head which is 1^ inches in depth, and whose area is 2.6 
square inches. Find the distance of the center of gravity from 
the top of the head. 

28. Compute the moment of inertia of a steel I-beam weigh- 
ing 60 pounds per linear foot, it being 20 inches deep, with flange 
5 inches wide, and mean thickness § inch. The web is | inch 
thick and has a moment of inertia of 446 inches. 
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1. A cantilever beam 6 feet in length projects from a wall 
and sustains an end load of 300 pounds. The cross-section being 
as in Fig. 38, find the greatest tensile and compressive unit- 
stresses, and state where they occur. 

2. An I-beam weighing 30 pounds per foot, rests on end 
supports 25 feet apart. Its section modulus is 20.4 inches*, and 
its working strength 16,000 pounds per square inch. Calculate 
weight of the beam. 

8. A wooden be^ra 15 feet long, 4 X 14 inches in cross- 
section sustains a load of 4,000 pounds 5 feet from one end, and 
2,000 pounds at the middle. Compute the greatest unit shearing 
stress. 

4. What do you know about radius of gyration? Give an 
example. 

5. Find the factor of safety of a 24-inch 80-pound steel I- 
beam 15 feet long, used as a fiat-ended column to sustain a load 
of 150,000 pounds. Note. — Use "Raukine's Formula." 

6. A steel Z-bar is 20 feet long and has square ends; the 
least radius of gyration of its cross-section is 3.1 inches, and its 
area of cross-section is 24.5 square inches. Calculate the safe load 
with a factor of safety of 6. Note. Use "Rankine'a Formula." 

7. Make sketches of the following : 

Lap joint single-riveted; 

" " double- riveted; 
Butt " single-riveted; 

" " double-riveted. 

8. The ends of a cast-iron rod 2 inches in diameter are 
secured to two heavy bodies which are to be drawn together, the 
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temperature of the rod being 300 degrees when fastened to the 
objects. A fall of 125 degrees has no eifect on the objects. Cora- 
pute the temperature stress, and state the pull exerted by the rod 
on each object. 

9. Two half-inch plates 6 inches wide are connected by a lap 
joint with three |-inch rivets in a row. What is the safe strength 
of the joint ? 

10. A timber beam X 1-1 inches and 20 feet long rests on 
end supports and sustains two loads of 3,000 pounds each five feet 
from one end. Compute the values of the greatest unit-tension, 
compression, and shear in the beam. 

11. A 20-pound 7-inch I-beam 12 feet long is used as a 
cantilever beam supported in the middle. If its working strength 
is 16,000 pounds per square inch, find the greatest safe load that 
can be hung at each end considering the weight of the beam, 

12. Compute the safe middle load for a 25-pound 10-inch 
I-beam 20 feet long, resting on end supports, if its working strength 
is 16,000 pounds per square inch. Consider the weight of the beam. 

13. The width of the flanges of an 18-pound 8-inch I-beam 
is 4 inches. Compare the strengths of such a beam when used 
(1) with its web vertical (Fig. 24), and (2) when its web is hori- 
zontal. 

14. A bar of steel 1x6 inches in section and 24 feet long 
is used as a beam on end supports, its load being 2,000 pounds 
uniformly distributed, and it also sustains end pulls of 20,000 
pounds. Compute the greatest unit- tensile and compressive 
stresses in the bar by approximate methods. (See Art. 74.) 

15. A timber beam 6 X 12 inches and 20 feet long on end 
supports bears a uniform load of 3,000 pounds, and end pushes of 
15,000 pounds. Compute the greatest unit-tensile and compress- 
ive stresses in the timber by approximate methods. (See Art. 75.) 

16. Answer the two preceding questions by the exact meth- 
ods of Art. 76. 

17. Two I-beams (instead of channels) are fastened together 
as represented in Fig. 46, J, to make a column. They are 40- 
pound 12-inch beams, the plates are | inch thick and 16 inches 
wide; and from center to center of the webs of the beams is 10 
inches. Compute the radii of gyration of the column section with 
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respect to two axes through the center of gravity parallel and per- 
pendicular to the webs. 

• 18. Compute the safe loads for two white pine columns 16x16 
and 8x8 inches, each 14 feet long, using a factor of safety of 6. 

19. What size of white oak column 16 feet long is needed to 
carry a load of 10,000 pounds with a factor of safety of 5 ? What 
size of steel I-beam will carry the same load if the ends of the col- 
umn are flat? Note. — Solve for r, and use table 0. 

20. Compute the size of a circular, hollow, cast-iron column 
to carry a load of 150,000 pounds with a factor of safety of 10, its 
length being 18 feet and its ends flat. Note. Use "Rankine's 
Formula," and try an outside diameter of 10 inches. 

21. If a solid shaft 4 inches in diameter is subjected to a 
twisting moment of 1,000 foot-pounds, compute the greatest unit- 
shearing stress in the shaft. 

22. Compute the number of horse-power which a steel shaft 
6 inches in diameter can safely transmit at 200 revolutions per 
minute, if its working strength in shear is 10,000 pounds per 
square inch. 

23. What size of circular shaft is needed to transmit 1,600 
horse-'power at 100 revolutions per minute, if the working strength 
of the material in shear is 12,000 pounds per square inch? 

24. How much will a round steel rod, 1 inch in diameter 
and 20 feet long, elongate under a pull of 10,000 pounds ? 

25. Compute the deflection of a 15-pound 7-inch I-beam 
10 feet long, when resting on end supports and sustaining a uniform 
load of 6,000 pounds. 

26. Two bars of the same size, one of wrought iron and one 
of cast iron, rest on end supports and sustain equal central loads 
which are " safe " in each case. Which beam deflects most, and 
what is the ratio of the deflection? 

27. A bar of wrought iron 10 feet long will shorten how 
many inches during a drop of 40 degrees Fahrenheit in its tem- 
perature ? 

28. If the bar of the preceding question is restrained and 
prevented from shortening, what unit-stress is produced in it by the 
drop in temperature ? 
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1. Define concurrent and non -concurrent forces, equilibrant, 
and resultant. 

2. What do you understand by the " Triangle law ? " 

8. Determine the magnitude and direction of the resultant 
of the 400- and 800-pound forces of Fig, 47. 

4. Compute the magnitude and direction of the resultant 
of the 600- and TOO-pound forces of Fig. 47. 
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Fig. 47, 

5. Determine the values of the horizontal and vertical com- 
ponents of the 700-pound force of Fig. 47. 

6. Determine the magnitude and direction of the resultant 
of the four forces acting through the center of Fig. 47 ; also of 
their equilibrant. 

7. Compute the resultant of the four parallel forces repre- 
sented in Fig. 47. 

8. Find the resultant of the 300-, 400-, 500-, and 800- 
pound forces of Fig. 47. 

9. Suppose that the truss of Fig. 48 is one of several used 
to support a roof, the trusses being 16 feet apart. What is the 
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probable weight of each ? What is the total roof load borne by 
each truss if the roofing weighs 18 pounds per sq. foot? 

10. What is the total snow load for the truss if the snow 
weighs 20 pounds per square foot (horizontal) ? 

11. Compute the total wind load for the truss of Question 
9, when the wind blows 75 miles per hour. 

12. Supposing that the right end of the truss of Fig. 48 
rests on rollers, and that the left end is fastened to its support, 
compute the values of the reactions (a) when the wind blows on the 
left ; (b) when it blows on the right, 90 miles per hour. 



Fig. 48. 

13. Construct stress diagram for the truss of Fig. 48 for the 
following cases: 

(a) When sustaining dead load only as computed in answer 
to Question 9. 

(b) When sustaining wind pressure on the left, the truss 
being supported as described in Question 12. 

(c) When sustaining wind pressure on the right, the truss 
being supported as described in Question 12. 

14. Make a complete record of the stresses as determined in 
answer to the preceding question for cases <7, b and c, and for 
snow load as computed in answer to Question 10. Compute from 
the record the value of the greatest stress which can come upon 
each member due to combinations of loads, assuming that the 
wind and snow loads will not act at the same time. 

15. Suppose that the truss of Fig. 49 is one of several used 
to support a roof, the trusses being 12 feet apart. What is the 
probable weight of a truss and that of the roofing supported by 
one truss, if the roofing weighs 15 pounds per square foot ? 

16. Compute the apex loads for the truss of Fig, 49 for 
snow if it weighs 20 pounds per square foot (horizontal). 
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1. How may the effect of freezing of mortar be counteracted ? 

2. What precautions are required in the use of asphaltic 
concrete ? 

3. What precautions should be observed in forming a foun- 
dation on clay ? 

4. In what situation do timber piles rapidly decay ? 

5. Describe the requisites of a good building stone, 

6. What effect has wind and water on stone ? 

7. Describe the requisites of a good brick. 

8. For what properties are cements tested ? 

9. What is the essential requisite of a good sand for mortar } 

10. What is concrete ? 

11. What qualities should clay for puddle possess ? 

12. . How is the bearing power of a soil increased if 

13. Describe the apparatus required and the manner of using 
a water- jet for sinking piles. 

14. How are cribs put in place ? 

15. Describe the structure of the two principal classes of 
stone and state in what way it affects the durability of the stone. 

16. How is the approximate durability of a stone ascertained ? 

17. How is lime distinguished from cement ? 

18. Upon what does the quality of mortar depend ? 
. 19. What is the effect of freezing on mortar ? 

20. What precautions should be observed in depositing con- 
crete? 

21. What is the effect of defective foundations ? 
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22. IIow are foundations formed in water? 

23. What difficulties are encountered in constructing cof- 
ferdams ? 

24. Can stone be permanently preserved from decay ? 

25. State what ingredients are injurious to brick. 

26. Describe the difference between " Natural " and '* Port- 
land " cements. 

27. What is mortar used for ? 

28. IIow is mortar made ? 

29. IIow should the materials for concrete be prepared ? 

30. What is the essential requisite of a foundation ? 

31. What is the safe load, by the Engineering News formula, 
for a pile which sinks 1 inch when driven with a hammer weigh- 
ing 3,000 lb. and falling 10 feet ? 

32. A wall having a weight of 12,000 lb. per running foot 
is to be built on two lines of piles spaced three feet apart trans- 
versely; how far apart must the piles be spaced longitudinally ? 

33. What is the use of a " footing " ? 

84. What is the proper oiTset for a hard brick footing undei 
a pressure of two tons per square foot, using a factor of safety of 10 1 

85. What breadth must a Georgia pine beam have for a 
bearing power of 5000 lb. per sq. ft., a projection of 2 ft., a 
distance between centers of 1 ft., and an assumed depth of 13 
inches ? 
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1. How is masonry classified ? 

2. How is brick masonry bonded ? 

3. For what purpose is a footing used ? What precaution 
should be observed in its construction ? 

4. What precautions should be observed in the use of headers ? 

5. For what purpose is pointing used ? How is the joint pre- 
pared for pointing? 

6. How should sills be set? 

7. For what purpose is a pean hammer used? 

8. What tools are used for splitting stone ? 

9. What tool is used before the bush hammer ? 

10. What is the difference between a pitch faced stone and a 
drafted stone? 

11. How is the bond of masonry formed; what purpose does 
it serve ? 

12. For what purpose is a coping used; what shape should it 
have; how should it be secured ? 

13. For what purpose should grout be used ? 

14. \Miat is a bed joint ? How should a joint be formed ? 

15. For what purpose is a rip-rap used ? 

16. How should the beds of a stone be dressed and what should 
be their relation to each other ? 

17. What is the point used for? 

18. In dressing granite what is the first operation? 

19. How are stones classified ? 
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